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Abstract

Ferroptosis, an iron-dependent form of cell death characterized by uncontrolled lipid peroxidation, is governed

by molecular networks involving diverse molecules and organelles. Since its recognition as a non-apoptotic cell
death pathway in 2012, ferroptosis has emerged as a crucial mechanism in numerous physiological and pathological
contexts, leading to significant therapeutic advancements across a wide range of diseases. This review summarizes
the fundamental molecular mechanisms and regulatory pathways underlying ferroptosis, including both GPX4-
dependent and -independent antioxidant mechanisms. Additionally, we examine the involvement of ferroptosis

in various pathological conditions, including cancer, neurodegenerative diseases, sepsis, ischemia—reperfusion injury,
autoimmune disorders, and metabolic disorders. Specifically, we explore the role of ferroptosis in response to chemo-
therapy, radiotherapy, immunotherapy, nanotherapy, and targeted therapy. Furthermore, we discuss pharmacologi-
cal strategies for modulating ferroptosis and potential biomarkers for monitoring this process. Lastly, we elucidate
the interplay between ferroptosis and other forms of regulated cell death. Such insights hold promise for advancing

our understanding of ferroptosis in the context of human health and disease.
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Introduction

In 1842, Karl Vogt observed the metamorphosis of tad-
poles and noted the disappearance of the tadpole noto-
chord during development, marking one of the earliest
recognitions of cell death in human observation [1].
Vogt’s realization that the disappearance of specific cells
held physiological significance for development high-
lighted the phenomenon of cell death for the first time.
However, technological limitations hindered the eluci-
dation of the ultrastructural characteristics of cell death
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until 1972, thereby delaying the comprehension of pro-
grammed cell death, commonly referred to as apoptosis
[2]. Programmed cell death plays a crucial role in normal
tissue development, immune cell selection, and the elimi-
nation of damaged and infected cells. As various forms
of stress-related cell death became recognized, cell death
is currently broadly categorized into accidental cell death
(ACD), an uncontrolled biological process triggered by
irreversible external stimuli, and regulated cell death
(RCD), governed by molecular network mechanisms and
susceptible to modulation by experimental compounds
or clinical drugs [3-5].

Cell membranes, comprising plasma and organelle
membranes, regulate the integration of internal and
external environmental stimuli alongside genetic signal-
ing. These include radiation exposure, various nutrient
signals, maintenance of redox homeostasis, immunosur-
veillance, intercellular communication, and tumor-con-
trol signaling, ultimately dictating the cell’s fate in terms
of survival or demise [6, 7]. In this context, ferroptosis
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emphasizes the significance of membranes as it signifies
a form of non-apoptotic RCD induced by uncontrolled
lipid peroxidation [8]. Since the coining of the term “fer-
roptosis” in the discovery of agents selectively targeting
RAS proto-oncogene, GTPase (RAS) mutation cancer
cells in 2012 [9], the dysregulation of ferroptotic eco-
system has become implicated in various physiological
and pathological conditions [10]. Consequently, it has
emerged as a therapeutic target for numerous human dis-
eases [11, 12].

In this review, we provide an overview of the funda-
mental mechanisms driving ferroptosis and the cor-
responding defensive mechanisms. We examine the
interactions between ferroptosis and immunity, delineat-
ing their implications for various human diseases, par-
ticularly in the context of cancer therapy. Additionally,
we summarize the primary pharmacological approaches
and potential biomarkers associated with ferroptosis.

The core mechanism of ferroptosis

Elevated iron accumulation and excessive lipid peroxi-
dation serve as central triggers of ferroptosis, with the
chelation of surplus iron and the activation of both glu-
tathione peroxidase 4 (GPX4)-dependent and -inde-
pendent antioxidant pathways acting as inhibitory
mechanisms against ferroptosis (Fig. 1). Hence, at the
core of ferroptosis lies a disruption in redox homeostasis,
as elaborated below.

Lipid peroxidation

Lipid peroxidation is a biochemical process where free
radicals, such as reactive oxygen species (ROS), attack
and oxidize lipids in cell membranes and/or membrane
organelles [13]. This process can lead to the formation of
lipid peroxides and other reactive compounds, which can
further propagate oxidative damage to nearby molecules.
Increased production or stimulation of ROS can induce
lipid peroxidation, resulting in various forms of RCD
[14-16]. ROS are chemically reactive molecules contain-
ing oxygen, generated from various sources, including
but not limited to mitochondrial respiratory chain [17],
the Fenton reaction [18], nicotinamide adenine dinucle-
otide phosphate (NADPH) oxidase (NOX) [19], and the
enzymatic reaction [20, 21]. These ROS can initiate and/
or enhance ferroptosis susceptibility across different cell
types or tissues [22].

Mitochondria ROS

Mitochondria generates ROS as inherent byproducts
of the electron transport chain (ETC) during cellular
respiration. The ETC comprises a sequence of protein
complexes situated within the inner mitochondrial mem-
brane. In the process of cellular respiration, electrons
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are sequentially transferred along the ETC, ultimately
reaching oxygen molecules. Electrons escape prema-
turely from the ETC, particularly from complexes I and
I11, due to factors, such as imperfect electron flow cou-
pling or mitochondrial membrane damage. These leaked
electrons can engage with molecular oxygen (O,) within
the mitochondria, resulting in the formation of partially
reduced oxygen species known as superoxide radicals
(O57). Superoxide dismutase enzymes can then convert
superoxide into hydrogen peroxide (H,O,). The original
study suggests that mitochondrial ROS may not be cru-
cial for inducing ferroptosis because cells depleted of
mitochondrial DNA, known as p0 cells, which lack criti-
cal respiratory chain catalytic subunits, still exhibit sensi-
tivity to ferroptosis activators [9]. Recent studies suggest
that phospholipids containing diacyl-polyunsaturated
fatty acid (PC-PUFA,s) tails may enhance ferroptosis
sensitivity in cancer cells by directly interacting with the
mitochondrial ETC, thereby promoting the generation of
ROS to initiate lipid peroxidation [23]. H,O, was previ-
ously recognized as a broadly effective apoptosis inducer,
but recent studies also show its ability to induce ferrop-
tosis [24]. However, the precise downstream pathways by
which mitochondrial ROS production (e.g., H,O,) con-
tribute to the initiation of apoptosis or ferroptosis remain
inadequately elucidated. One possible hypothesis is that
the release of various mitochondrial proteins may drive
distinct cell death pathways [25]. It is also crucial to iden-
tify the ranges within which these pathways are primarily
activated.

Fenton reaction

The Fenton reaction is a chemical reaction that involves
the catalytic conversion of H,0O, into hydroxyl radicals
(OH) in the presence of transition metal ions, typically
iron (II). The hydroxyl radicals are highly reactive and
can initiate various oxidative processes, including the
peroxidation of lipids, DNA damage, and protein oxida-
tion. In the context of lipid peroxidation, labile iron cata-
lyzes the formation of lipid hydroxyl radicals (LO’) and
lipid peroxyl radicals (LOO’) from phospholipid hydrop-
eroxides (LOOH) [26]. Hence, the modulation of iron
homeostasis can impact the susceptibility to ferroptosis,
with this influence contingent upon the regulation of iron
uptake, utilization, storage, and export within cells and
tissues [27]. Moreover, arginine undergoes conversion
into polyamines, exerting ferroptosis-promoting effects
in an H,0,-dependent manner [28]. Iron overload signal-
ing triggers the upregulation of ornithine decarboxylase
1 (ODC1), a critical enzyme facilitating polyamine syn-
thesis, through the WNT-MYC proto-oncogene, BHLH
transcription factor (MYC) pathway [28]. This leads to
heightened polyamine production, establishing a positive
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Fig. 1 Molecular mechanisms of ferroptosis. Ferroptosis is a form of reg
and subsequent plasma membrane rupture. It can occur via two primar

ulated cell death characterized by iron-dependent lipid peroxidation
y pathways: the extrinsic pathway, which relies on transporters such

as activating TFRC or inhibiting system xc-, and the intrinsic pathway, which is enzyme-regulated, for example, by inhibiting GPX4 or AIFM2.
Ferroptosis arises from an imbalance between oxidants and antioxidants, driven by abnormal expression and activity of various redox-active
enzymes that either produce or neutralize free radicals and lipid oxidation products. The plasma membrane damage can be repaired by the NINJ1

protein or ESCRT-IIl machinery

feedback loop of iron overload-WNT-MYC-ODC1-poly-
amine-H,O,, thereby amplifying the ferroptosis response
across various cancer cell lines including HT-1080, A549,
H1299, PC9, H23, and in vivo contexts [28].

NADPH oxidase (NOX)

The NOX family comprises enzymes that catalyze
the generation of O, by transferring electrons from
NADPH to molecular oxygen. It encompasses sev-
eral members, including NOX1, NOX2, NOX3, NOX4,

NOXS5, and the dual oxidase 1 (DUOX1) and DUOX2,
each with distinct tissue distributions, cellular localiza-
tion, and regulatory mechanisms. NOX enzymes play
pivotal roles in the immune response, where they con-
tribute to gut microbiota elimination by producing ROS
[29]. Additionally, they participate in various signaling
pathways, including those associated with ferroptosis
[30, 31]. For instance, recent studies have suggested that
4-hydroxynonenal (4HNE), a product of lipid peroxida-
tion, can activate NOX1, thereby establishing a positive
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feedback loop that amplifies ferroptosis sensitivity in
cancer cells (e.g., HT-1080 and PANC-1) [19]. Further
investigation is warranted to elucidate the specific contri-
butions of NOX-mediated ROS production to ferroptotic
cell death and to explore the potential of targeting these
enzymes for therapeutic interventions in diseases where
ferroptosis is implicated.

Enzymatic reactions
The enzyme-dependent pathway represents one of the
most extensive and pivotal mechanisms driving lipid
peroxidation. It involves multiple key enzymes, notably
acyl-coenzyme A (CoA) synthetase long chain family
member 4 (ACSL4) and lysophosphatidylcholine acyl-
transferase 3 (LPCAT3) [32-35]. ACSL4 orchestrates
two distinct pathways to catalyze the generation of poly-
unsaturated fatty acids (PUFAs) related acyl-CoA esters.
One pathway links PUFA, particularly arachidonic acid
(AA) or adrenic acid, to CoA, producing PUFA-CoAs,
which are subsequently converted to phosphatidyle-
thanolamine (PE) via LPCAT3 [36]. The other pathway
involves the production of fatty acid cholesterol esters
by sterol O-acyltransferase 1 (SOAT1) in solute carrier
family 47 member 1 (SLC47A1, also known as MATE1)-
deficient human pancreatic ductal adenocarcinoma
(PDAC) cells and NALM-6 leukemia cells, enhancing fer-
roptosis sensitivity [37]. While monocyte to macrophage
differentiation-associated (MMD) activity can engage
with ACSL4 and membrane-bound O-acyltransferase
domain-containing 7 (MBOAT?7), enhancing the influx
of arachidonic acid into phosphatidylinositol and aug-
menting the sensitivity of OVCAR-8 and 786-O cells to
ferroptosis, the broader impact of MMD on ferroptosis
in other cancer cell lines, non-cancerous environments,
and in vivo settings remains unexplored [38]. In contrast,
LPCAT1 enhances membrane phospholipid saturation
while reducing membrane PUFA levels through both
endogenous and exogenous saturated fatty acid (SFA)-
containing phospholipids [39]. This protective mecha-
nism shields various cancer cell lines as well as mouse
tumors, from peroxidation-induced membrane damage,
thereby inhibiting ferroptosis [39]. Furthermore, the
direct potential of arachidonic acid-phosphatidylinositol
species in promoting ferroptosis formation independent
of arachidonic acid-phosphatidylethanolamine and ara-
chidonic acid-phosphatidylcholine phospholipids war-
rants further investigation [38]. Moreover, acetyl-CoA
carboxylase alpha (ACACA, also known as ACC1) poten-
tially contributes to the elongation of PUFAs, facilitat-
ing FIN56-induced degradation of GPX4 protein and the
induction of ferroptosis in HT-1080 cells [40].

The lipoxygenase (ALOX) family, comprising multiple
isoforms such as ALOX5, ALOX12, ALOX15, among
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others, facilitates the oxygenation of PUFAs, such as ara-
chidonic acid. This enzymatic activity leads to the gen-
eration of various bioactive lipid mediators, which can
induce ferroptosis in a manner contingent upon the cell
type [41, 42]. This process can be augmented by phos-
phatidylethanolamine binding protein 1 (PEBP1), which
complexes with ALOX15 to boost the production of
lipid peroxides [43]. Diminished PEBP1 expression cor-
relates with cancer progression and has been proposed
as a metastasis suppressor in select contexts by imped-
ing epithelial-mesenchymal transition and the meta-
static dissemination process in breast cancer cells [44].
Targeting ALOX15 has proven effective in mitigating
injuries induced by multiple modes in mice [43]. How-
ever, depleting Alox15 failed to rescue acute renal failure
induced by Gpx4 depletion [45]. ALOX12 is essential for
TP53-mediated tumor suppression in various cancer cell
lines (e.g., U20S, H1299, and A549 cells) as well as in
murine models [46]. This effect is independent of ACSL4
[46]. Similarly, pleckstrin homology like domain family A
member 2 (PHLDA?2) forms a complex-mediated phos-
phatidic acid peroxidation with ALOX12, independent of
the ACSL4-GPX4 pathway, and is capable of suppressing
tumors in both immunodeficient and immunocompetent
mice [47]. Thus, each ALOX isoform may have distinct
roles and regulatory mechanisms in ferroptosis, adding
complexity to deciphering their specific contributions.

ALOX-independent pathways, such as cytochrome
P450 oxidoreductase (POR), also contribute to promot-
ing lipid peroxidation and subsequent ferroptosis [20,
21]. POR, primarily expressed in the endoplasmic reticu-
lum (ER), can initiate phospholipid peroxidation and fer-
roptosis by generating lipid hydroperoxides and 4HNE,
independently of the cytochrome P450 family [20, 21].
Unlike the tissue-specific expression of the ALOX family,
POR exhibits widespread expression throughout various
tissues. Therefore, caution and specificity are necessary
when targeting POR to inhibit ferroptosis [48]. Further-
more, prostaglandin-endoperoxide synthase (PTGS)
enzymes, such as prostaglandin E2 (PGE2), play context-
dependent roles in ferroptosis [49, 50]. A recent study
suggests that PGE2 can induce ferroptosis specifically
in CD8" T cells, rather than other forms of cell death,
by inhibiting the mechanistic target of rapamycin kinase
(MTOR) pathway [51]. This inhibition, in turn, restricts
IL2-mediated antitumor activity [51]. Understanding the
interplay between these pathways is crucial for develop-
ing targeted therapeutic strategies against diseases asso-
ciated with dysregulated ferroptosis mechanisms.

Lipids
Lipids represent a diverse array of molecules charac-
terized by varying chemical structures. Among these,
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certain lipids exhibit the capacity to inhibit PUFA-
related lipid peroxidation through competitive mech-
anisms or by serving as antioxidants. For example,
ACSL3-dependent production of monounsaturated
fatty acids (MUFAs) inhibits lipid peroxidation and
ferroptosis in cancer cells, potentially by directly dis-
placing PUFAs from phospholipids in cell membranes
[42, 52]. Mitochondrial glutamate transporter sol-
ute carrier family 25 member 22 (SLC25A22), which
not only promotes NAPDH-mediated glutathione
(GSH; an antioxidant) production, but also promotes
the expression of stearoyl-CoA desaturase (SCD, also
known as SCDI1) in human PDAC cells, produces
MUFAs to inhibit ferroptosis [53]. Likewise, exoge-
nous oleic acid attenuates acute iron overload-induced
injury in Hep G2 and SK-N-Be(2) cells, Caenorhabditis
elegans, and murine models by reducing the levels of
PUFA acylphospholipids and ether-bonded phospho-
lipids [54]. However, further investigation is warranted
to elucidate the impact of oleic acid’s protective effect
in mice, considering that iron overload in humans typ-
ically manifests as a chronic condition [54].

Another regulator of MUFA production involves
MBOAT1 and MBOAT2, which are upregulated by
sex hormone receptors [55]. These enzymes inhibit
ferroptosis in cancer cells by restructuring the cel-
lular phospholipid profile to generate phospholipids
containing MUFAs [55]. Furthermore, SFAs depend-
ent on LPCAT1 have been shown to inhibit ferroptosis
[39]. These findings suggest a competitive relation-
ship among PUFAs, MUFAs, and SFAs in shaping lipid
composition to regulate ferroptosis activity [13]. The
cyclin dependent kinase inhibitor 2A (CDKNZ2A, also
known as p16 or p19), a tumor suppressor, is essential
for regulating the G1 to S phase transition in the cell
cycle, controlling cell growth. Interestingly, CDKN2A
deletion alters lipid metabolism, enhancing ferrop-
tosis sensitivity in glioblastoma [56]. Similarly, stabi-
lization of TP53 and inhibition of cyclin-dependent
kinase 4/6 (CDK4/6) activity induced cell cycle arrest
and heightened sensitivity to covalent GPX4 inhibi-
tor (GPX4i)-induced ferroptosis, while exhibiting no
effect on systemic xc™ inhibitors, in HT-1080N, Caki-
1N, H1299N, T98GN, and A375 cells, as well as in vivo
models [57]. Conversely, cell cycle arrest in human
renal cell carcinoma cell lines (Caki-1, ACHN, 786-
O, and TK10) attenuates ferroptosis by elevating lipid
droplet content, a phenomenon dependent on diacyl-
glycerol acyltransferases (DGATs). Targeting DGATs
reverses cell cycle-induced resistance to ferroptosis
[58], indicating variability in ferroptosis susceptibility
across different cell cycle stages.
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Cholesterol
Several endogenous lipid metabolites exhibit direct anti-
ferroptotic activity by limiting lipid peroxidation. For
instance, 7-dehydrocholesterol, a precursor of choles-
terol, acts as a radical-trapping antioxidant capable of
suppressing ferroptosis, thereby presenting a novel met-
abolic target for improving ferroptosis-related cancer
therapy [59, 60]. Specifically, the enzyme sterol-C5-de-
saturase (SC5D) within the cholesterol synthesis path-
way promotes the production of 7-dehydrocholesterol,
which inhibits ferroptosis due to the structural proper-
ties conferred by its 5,7-unsaturated double bond. This
double bond directly impedes phospholipid peroxidation.
Conversely, 7-dehydrocholesterol reductase (DHCR?7),
responsible for converting 7-dehydrocholesterol to cho-
lesterol, promotes ferroptosis. Thus, modulation of
7-dehydrocholesterol levels can inhibit tumor growth or
prevent ischemia—reperfusion kidney injury in mice [61,
62]. Moreover, cholesterol present in the tumor microen-
vironment induces the upregulation of CD36 expression
in mouse melanoma B16 and mouse multiple myeloma
tumor-infiltrating CD8% T cells, facilitating fatty acid
(such as arachidonic acid) uptake [63]. This process
leads to lipid peroxidation, thereby compromising anti-
tumor immunity in a murine melanoma model achieved
by inoculating B16 cells into the syngeneic C57BL/6 ]
mouse strain [63]. Long-surviving melanoma patients
and multiple myeloma patients exhibit reduced CD36
expression on CD8* T cells and demonstrate responsive-
ness to programmed cell death 1 (PDCD], also known as
PD-1) treatment. CD8" T cells infiltrating mouse mela-
noma B16 or colorectal MC38 tumors uptake oxidized
low-density lipoprotein (OxLDL) in a CD36-dependent
manner, consequently triggering lipid peroxidation. This
leads to downstream activation of mitogen-activated pro-
tein kinase 14 (MAPK14; also known as p38) kinase and
inhibition of the antitumor effector function of CD8* T
cells [64]. One limitation of this study is that it does not
address how CD36 selectively uptakes different lipids to
promote cell survival or induce cell death. Additionally,
the degradation of lipid droplets through lipophagy con-
tributes to providing substrates for lipid peroxidation,
thereby promoting ferroptosis in hepatocellular carci-
noma cells both in vitro and in xenograft mouse models
[65]. Conversely, enhancing tumor protein D52 (TPD52)-
dependent lipid storage in lipid droplets restricts ferrop-
tosis [65], suggesting the pivotal role of dynamic lipid
droplet levels in regulating ferroptosis sensitivity.
Collectively, the presence of lipid peroxidation in fer-
roptosis suggests a complex interplay among various
lipids, enzymes, and organelles in diverse cellular con-
texts, indicating that it is not solely determined by a sin-
gle factor. Efforts are directed towards identifying and
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characterizing molecules that regulate lipid peroxidation
in ferroptosis. This encompasses the study of both endog-
enous regulators within cells and exogenous factors that
modulate lipid peroxidation susceptibility.

Iron accumulation

Iron is an essential micronutrient crucial for various cel-
lular processes, including cell proliferation and death. In
the context of ferroptosis, iron accumulation participates
not only in the direct peroxidation of PUFA contain-
ing phospholipids through the Fenton reaction but also
serves as a cofactor for specific enzymes (e.g., ALOXs
and POR), thus playing a pivotal role in initiating ferrop-
tosis [42, 66].

Intracellular iron homeostasis regulation

Manipulation of intracellular iron homeostasis can
directly influence ferroptosis sensitivity, involving pro-
cesses such as iron uptake, utilization, storage, and
export. Typically, iron, primarily in the form of Fe3t,
binds to transferrin (TF), enters the cell via the transfer-
rin receptor (TFRC, also known as CD71) [67], and is
transported to the endosome where it is reduced to Fe**
by STEAP3 metalloreductase (STEAP3) before being
released into the cytosol [68]. This reactive Fe*" preferen-
tially forms various iron-binding complexes (such as fer-
ritin and iron-sulfur clusters), participating in a variety of
physiological and biochemical reactions [69, 70]. Excess
Fe?" is excreted from the cell via solute carrier family 40
member 1 (SLC40A1, also known as ferroportin 1) to
produce Fe*" [71]. Dysregulation at any step may affect
ferroptosis sensitivity by increasing the labile iron pool
content in the cytoplasm.

Labile iron pool

Modulation of the labile iron pool capacity to induce fer-
roptosis can occur through several major mechanisms:
(1) Induction of TFRC or solute carrier family 39 mem-
ber 14 (SLC39A14) expression augments exogenous iron
uptake, promoting the induction of ferroptosis in liver
cells or during coxsackievirus B3 infection in HeLa cells
[72, 73]. Conversely, heat shock protein family B (small)
member 1 (HSPBI, also known as HSP25 or HSP27)
inhibits iron uptake by remodeling the cell cytoskeleton,
thereby impeding ferroptosis in human cancer cells (e.g.,
HeLa, U20S, and LNCaP) [74]. (2) Aconitase 1 (ACO1)
or iron-responsive element binding protein 2 (IREB2)
mediates the utilization of free iron, leading to the pro-
motion of ferritin formation. ZFP3 ring finger protein
(ZFP3, also known as tristetraprolin) maintains cellular
iron pool capacity during iron deficiency in various can-
cer cells by degrading mRNA transcripts, thereby reduc-
ing the synthesis of iron-binding proteins, particularly
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iron-sulfur proteins [75, 76]. (3) Nuclear receptor coac-
tivator 4 (NCOA4)-dependent ferritinophagy facilitates
ferritin degradation, resulting in the release of free iron
and promoting the induction of ferroptosis in pancre-
atic cancer cells [77]. Conversely, glutamic-oxaloacetic
transaminase 1 (GOT1) inhibits ferritinophagy-mediated
ferroptosis in pancreatic cancer cells [78]. (4) Decreased
expression of iron-exporting proteins, such as SLC40A1
and prominin2 (PROM2), either through transcriptional
regulation or protein degradation mechanisms, can lead
to iron accumulation and subsequent ferroptosis in vari-
ous cancer cells [71, 79].

Additionally, organelles such as lysosomes, Golgi, and
mitochondria serve as important sources of labile iron
[27]. Consequently, the regulation of iron homeostasis is
multifaceted and involves not only the expression of spe-
cific pathway proteins but also communication between
organelles. As iron plays a pivotal role in numerous cel-
lular processes such as DNA synthesis, energy metabo-
lism, and oxygen transport, achieving modulation of iron
metabolism to induce ferroptosis without compromising
these vital functions requires a comprehensive under-
standing of the molecular mechanisms at play.

Membrane rupture

In the context of ferroptosis, the occurrence of plasma
membrane lipid peroxidation and rupture typically con-
stitutes a late event. Initially, lipid peroxidation mani-
fests in the ER membrane following the initiation of
ferroptosis, and subsequently extends to other organelle
membranes and eventually the plasma membrane [80].
Ferroptotic cells not only undergo targeted removal but
also transmit signals to neighboring healthy cells. For
instance, treatment of primary mouse embryonic fibro-
blasts (MEFs) and NIH3T3 cells with ferroptosis induc-
ers (e.g., erastin and RSL3) and subsequent collection
of drug-free supernatants, followed by co-culture with
healthy cells, leads to reduced senescence-associated
B-galactosidase-positive cells and the induction of fer-
roptosis through an autophagy-dependent mechanism
[81]. Utilizing the indicator SYTOX Green has revealed
that the time difference between neighboring cell deaths,
compared to the mean distribution of randomly gen-
erated death times, indicates that inducers like eras-
tin diffuse in a wave-like manner in neighboring cells,
dependent on iron and lipid peroxidation. This diffusion
necessitates the formation of plasma membrane pores
to release the contents of substances such as calcium
[82]. In contrast, ML162 does not propagate ferropto-
sis signals to neighboring cells [82], indicating that dif-
ferent GPX4 inhibitors may have varying effects on the
induction of ferroptosis in tissues. Furthermore, in a
zebrafish model, topical application of arachidonic acid
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and skin-permeable peroxides to uninjured larval fins
induced low levels of lipid peroxidation similar to that
seen in wounds [83]. Rapid arachidonic acid attraction to
leukocytes via dual oxidase and ALOX5 indicates a role
for lipid peroxidation as a spatial redox relay [83].

Although the molecular mediator responsible for the
final steps of membrane rupture in ferroptosis remains
poorly understood, one hypothesis involves the involve-
ment of ninjurin 1 (NINJ1) protein [84]. NINJ1 is a cell
adhesion molecule that plays various roles in cellular pro-
cesses, including cell adhesion, migration, and signaling.
Knockout of Ninjl in BMDMs and MEFs inhibits fer-
roptosis induced by RSL3 and ML162 [84]. Mechanisti-
cally, the activation of NINJ1 occurs downstream of lipid
peroxidation and calcium influx, leading to the insertion
of its originally extracellular a-helices into the cell mem-
brane, thereby forming larger aggregates [84]. Deletion
of the a-helices inhibits pore formation, even if the cell
undergoes death [85—87]. In a liver injury animal model,
application of anti-NINJ1 antibody limited tissue dam-
age, suggesting potential therapeutic avenues targeting
membrane damage [87]. Of note, a separate investiga-
tion employing Ninjl~~ RAW264.7 cells demonstrated
that NINJ1 is dispensable for RSL3-induced ferroptosis
[88]. In addition, NINJ1 can promote solute carrier fam-
ily 7 member 11 (SLC7A11) degradation, thereby limiting
the production of GSH and coenzyme A, and increasing
erastin-induced ferroptosis sensitivity in HT-1080 cells
[89]. However, there was no difference observed between
wild-type and NINJI™~ HT-1080 cells in terms of sen-
sitivity to RSL3 [89]. Thus, NINJ1 demonstrates a cell
type- and stimulus-specific influence on the regulation of
ferroptosis.

Endosomal sorting complex required for transport
II (ESCRT-III) is a highly conserved protein complex
with diverse roles in cellular processes, including endo-
somal sorting, membrane remodeling, and cytokinesis.
Among its functions, ESCRT-III mediates the repair of
damaged plasma membranes during lytic cell death and
contributes to therapy resistance in cancer cells [90].
Comprising several protein subunits, including members
of the charged multivesicular body protein (CHMP) fam-
ily, such as CHMP2A, CHMP2B, CHMP3, CHMP4A,
CHMP4B, CHMP4C, and CHMP6, ESCRT-III assembles
into spiral filaments at sites of membrane damage. These
subunits facilitate membrane scission and sealing, essen-
tial for membrane repair in HT-1080 and PANC-1 cells
during ferroptosis [91, 92].

In summary, the propagation of lipid peroxidation
signals in ferroptosis plasma membranes elucidates the
mechanisms by which cell death signals spread to neigh-
boring healthy cells or tissues through NINJ1-dependent
or -independent pathways. In contrast, the activation of
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membrane repair mechanisms, such as ESCRT-III, pre-
sents promising avenues for therapeutic intervention to
inhibit ferroptosis and mitigate tissue damage.

Antioxidant systems in ferroptosis

GPX4-dependent pathway

Organisms deploy a diverse array of antioxidant systems
to counteract and rectify oxidative damage associated
with ferroptosis. Among these systems, the selenopro-
tein GPX4 stands out as a central player in inhibiting
ferroptosis across various cellular contexts and tissues.
GPX4 exists in three isoforms: cytosolic (cGPX4), mito-
chondrial (mGPX4), and nuclear (nGPX4), each exhibit-
ing distinct spatiotemporal expression patterns during
embryonic development and adulthood. While cyto-
solic GPX4 predominantly inhibits ferroptosis in many
instances, mitochondrial GPX4 also participates in fer-
roptosis inhibition under specific conditions. GPX4, fea-
turing an active-site selenocysteine (Sec46) along with
seven other cysteine residues (Cys2, Cys10, Cys37, Cys66,
Cys75, Cys107, and Cys148), all potentially reactive
with electrophiles [93]. Global knockout of Gpx4 results
in embryonic lethality in mice [94], while conditional
knockout of Gpx4 can lead to spontaneous ferroptotic
damage in certain mouse tissues, such as the kidney [45],
indicating the key role of ferroptosis in development.
Functionally, GPX4 utilizes GSH to reduce lipid hydrop-
eroxides to lipid alcohols, thus averting lipid peroxida-
tion and preserving cellular membrane integrity [95]. The
interaction between creatine kinase B (CKB) and GPX4
facilitated the phosphorylation of GPX4 at S104, miti-
gated autophagic degradation of GPX4, and suppressed
ferroptosis in hepatocellular carcinoma [96].

System xc~ consists of two key components: SLC7A11
(also known as XCT) and solute carrier family 3 mem-
ber 2 (SLC3A2; also known as CD98 or 4F2hc). It func-
tions as a cystine/glutamate antiporter responsible for
importing cystine into the cell in exchange for glutamate.
Cystine is subsequently reduced to cysteine, a crucial
constituent of GSH. The classical ferroptosis inducers,
erastin and RSL3, act as inhibitors of system xc~ and
GPX4, respectively, underscoring the significance of the
system xc -GSH-GPX4 pathway in suppressing ferrop-
tosis [9, 97, 98]. Due to its ubiquitous expression across
various cell types, directly targeting GPX4 with covalent
inhibitors may lead to significant adverse effects, poten-
tially limiting the therapeutic utility of such inhibitors
[99]. The transsulfuration pathway of methionine pro-
vides cancer cells with GSH to evade ferroptosis caused
by cysteine deprivation. Conversely, intermittent dietary
methionine deprivation significantly increases ferroptosis
sensitivity in various tumor models [100].
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GPX4 exhibits a multifaceted role not only in ferropto-
sis but also in other forms of cell death, such as apoptosis
[101], necroptosis [102] and pyroptosis [103]. This ver-
satility stems from GPX4’s involvement in various cellu-
lar homeostasis and stress response pathways. Similarly,
genetic depletion or pharmacological inhibition (e.g.,
using HG106) of SLC7A11 can trigger non-ferroptotic
cell death in KRAS mutant lung adenocarcinoma or mel-
anoma [104, 105]. GSH can inhibit cuproptosis through
its capacity to chelate copper [106]. These findings dem-
onstrate the context-dependent role of the SLC7A11-
GSH-GPX4 pathway in cell death. Similarly, using GSH
depletion may not adequately reflect ferroptosis.

GPX4-independent pathway

Among the increasingly reported GPX4-independent
pathways, apoptosis inducing factor mitochondria asso-
ciated 2 (AIFM2, also known as FSP1) emerges as a cen-
tral regulator. Initially identified as a positive regulator
of mitochondrial apoptosis, AIFM2 translocates from
mitochondria to the plasma membrane in GPX4-low-
expressing cancer cells when stimulated with ferroptosis
inducers (e.g., RSL3 and ML162) [107, 108]. This trans-
location positions AIFM2 as a repressor of ferroptosis
through an integrated mechanism, involving the produc-
tion of reduced coenzyme Q10 (CoQH,) [107, 108] and
reduced vitamin K (VKH,) [109, 110], as well as medi-
ating ESCRT-III-dependent membrane repairs [111].
Vitamin K epoxide reductase complex subunit 1 like 1
(VKORCI1L1) generates a reduced form of vitamin K that
counteracts phospholipid peroxides and protects human
pancreatic and melanoma cells from ferroptosis response
independent of the GSH-GPX4 pathway [112]. AIFM2’s
function in ferroptosis is reliant on phase separation, ini-
tiated by N-terminal myristoylation at S187, L217, and
Q319, facilitated by the compound icFSP1 [110]. Further-
more, structural analysis revealed that AIFM2 binds to
CoQ,, and flavin-adenine dinucleotide (FAD), facilitat-
ing catalytic activity by utilizing its carboxyl terminus to
form a homodimer. The intermediate metabolite, 6-OH-
FAD, serves as an active cofactor for AIFM2 and acts as
an antioxidant, directly eliminating lipid peroxidation
[113]. These discoveries highlight the location-specific
role of AIFM2 in apoptosis and ferroptosis, along with
its enzymatic ability to produce antioxidants. However,
a crucial question remains: how does AIFM2 coordi-
nate the dynamic response to ferroptotic damage, and
what signals govern its activation of distinct downstream
pathways?

Superoxide dismutase 2 (SOD2, also MnSOD) serves
as a vital antioxidant enzyme primarily localized within
the mitochondria. Its key function involves detoxifying
the O, by converting it into O, and H,O,. H,0, not only
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induces mitochondrial apoptosis but also triggers fer-
roptosis, highlighting the need for distinct downstream
pathways to mediate different RCD mechanisms [20].
Depletion of SOD2 enhances the radiosensitivity of naso-
pharyngeal carcinoma cells by inducing ferroptosis [114].
The increased sensitivity to ferroptosis in SOD2 knock-
down cells can be reversed by dihydroorotate dehydroge-
nase (quinone) (DHODH) [114], a mitochondrial enzyme
involved in pyrimidine biosynthesis essential for DNA
and RNA synthesis. Although subject to debate, DHODH
has been implicated in utilizing CoQ;, to produce
CoQH, within mitochondria, acting as a radical-trapping
antioxidant to suppress lipid peroxidation and ferroptosis
[115]. Furthermore, presenilin-associated rhomboid like
(PARL)-mediated cleavage of StAR-related lipid trans-
fer domain-containing 7 (STARD?) is necessary for the
synthesis and translocation of CoQ;, from mitochondria
to the plasma membrane, where it generates CoQH, to
inhibit ferroptosis [116]. While these studies shed light
on mitochondrial defense mechanisms involving CoQ,,
metabolism and transport, the regulation of CoQ,, lev-
els across different organelle pools to balance ferropto-
sis responses remains elusive. Another mitochondrial
defense mechanism against ferroptosis involves pyruvate
dehydrogenase kinase 4 (PDK4), which inhibits pyruvate
dehydrogenase-dependent pyruvate oxidation in pancre-
atic cancer cells [117].

In addition to AIFM2 and DHODH, an increasing
number of GPX4-independent antioxidant enzymes
have been identified, each playing a contextually signifi-
cant role in inhibiting ferroptosis. GTP cyclohydrolase
1 (GCH1) participates in the biosynthesis of tetrahydro-
biopterin (BH,), a vital cofactor for enzymes involved in
neurotransmitter synthesis and nitric oxide production.
BH, contributes to cellular redox balance and ferropto-
sis inhibition [118]. Nitric oxide synthase 2 (NOS2, also
known as iNOS) catalyzes nitric oxide production from
L-arginine and oxygen, with its induction being triggered
by various stimuli. In macrophages, NOS2 suppresses
ferroptosis by inhibiting ALOX15-mediated lipid per-
oxidation, linking NOS2 induction to ferroptotic inflam-
mation inhibition [119]. YEATS domain-containing 4
(YEATS4; also known as GAS41) interacts with NFE2
like BZIP transcription factor 2 (NFE2L2, also known as
NRF2) and modulates its transcriptional activity through
H3K27 acetylation (H3K27-ac), thereby selectively acti-
vating the transcription of NFE2L2 target genes to sup-
press ferroptosis in human melanoma and lung cancer
cells [120]. NFE2L2 serves as a master transcription
factor in oxidative stress responses. Besides regulating
GPX4, SLC7A11, and AIFM2 expression, NFE2L2 upreg-
ulates microsomal glutathione S-transferase 1 (MGST1),
aiding cellular detoxification in pancreatic cancer cells
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against ferroptotic activators [121]. MGST1, belonging to
the glutathione S-transferase (GST) family, aids in detox-
ification by conjugating GSH to electrophilic compounds.
Another GST family member, glutathione S-Transferase
zeta 1 (GSTZ1), inhibits ferroptosis in bladder cancer
cells [122]. Thioredoxin reductase 1 (TXNRD1) cata-
lyzes thioredoxin reduction by utilizing NADPH as a
cofactor and collaborates with GPX4 to maintain redox
homeostasis [123, 124]. Conversely, malic enzyme 1
(ME1) serves as a supplier of cytoplasmic NADPH, exert-
ing its role as a liver-specific ferroptosis inhibitor owing
to its antioxidant properties [125]. Given NADPH’s role
in GSH and TXN antioxidant systems, targeting MEL1 is
a promising strategy to increase sensitivity to ferropto-
sis. Peroxiredoxins (PRDX) reduce peroxides, protecting
against oxidative stress. Both TXNRD1 and PRDX have
context-dependent roles in inhibiting ferroptosis [123,
126, 127]. Additionally, Ca®*-independent phospholi-
pase A2 group VI (PLA2G6, also known as iPLA2p or
PNPLADY) plays a crucial role in membrane phospholipid
metabolism, inhibiting ferroptosis in various cell types
[128, 129]. Glutathione S-transferase Pi 1 (GSTP1) also
facilitates the conjugation of GSH to 4-hydroxynonenal,
thereby detoxifying lipid hydroperoxides independently
of selenium glutathione peroxidase activity [130].

In conclusion, the human body has multiple anti-
oxidant systems that collaboratively operate to mitigate
ferroptotic oxidative stress and maintain cellular home-
ostasis [131]. Should one antioxidant system become
overwhelmed or compromised, others can step in to
compensate and offer protection against oxidative dam-
age during ferroptosis.

Regulation of ferroptosis

Cellular homeostasis is governed by numerous signal-
ing networks, suggesting that processes regulating iron
metabolism, redox balance, and cellular metabolism can
profoundly impact ferroptosis. Several recent compre-
hensive reviews have extensively outlined the various
signaling pathways involved in regulating ferroptosis [22,
132-135]. In this section, we explore four emerging regu-
latory mechanisms: membrane contact sites, hypoxia-
dependent pH changes, interactions with intestinal flora,
and pathways involving macropinocytosis (Fig. 2), which
have received comparatively less attention in previous
reviews.

Membrane contact sites

Membrane contact sites are specialized regions where
two organelles in a cell come into close proximity, allow-
ing for direct communication and exchange of materials
between them. These contact sites are formed by teth-
ering proteins that bridge the membranes of the two

Page 9 of 41

organelles. Membrane contact sites play a role in various
cellular processes, including lipid metabolism, calcium
signaling, organelle dynamics, and membrane trafficking
[136-139]. They play a crucial role in modulating home-
ostasis by enabling the exchange of essential molecules
and signals implicated in cell survival and death pathways
[140, 141].

Mitochondria-associated membranes (MAMs) are
specialized regions where the membranes of the ER
come into close proximity with the outer membrane of
mitochondria. These contact sites allow for direct com-
munication and functional interaction between the ER
and mitochondria. In addition to regulating autophagy
and apoptosis in a context-dependent manner [142,
143], a recent study has provided the first evidence that
increased MAMs promote sensitivity to erastin, RSL3,
or ML210-induced ferroptosis in multiple cancer cell
lines, such as MDA-MB-468 and NCI-H1299, through
enhanced calcium release from the ER into mitochondria
(Fig. 2A) [144]. Under conditions of ferroptotic stress,
there is an augmentation in the interaction between
sigma non-opioid intracellular receptor 1 (SIGMARI,
also known as ¢1R), a molecular chaperone situated in
the MAMs, and inositol 1,4,5-trisphosphate receptor
(ITPR, also known as IP3R). This enhancement prompts
an exchange of calcium ions from the ER to mitochon-
dria, thereby intensifying sensitivity to ferroptosis [144].
Conversely, targeting SIGMARI1 inhibits ferroptosis in
cancer cells and mitigates cisplatin-induced acute kidney
injury in mice through pharmacological means (using
CGI1746 and BD1063) or genetic interventions [144].
SIGMARLI is upregulated in several cancers, such as lung,
breast, glioblastoma, esophageal, pancreatic, prostate,
and liver cancer. It plays a role in promoting drug resist-
ance and tumor progression [145-147]. Targeting SIG-
MARI1-mediated ferroptosis may present a novel strategy
to shift cancer cells from a pro-survival to a pro-death
state.

Furthermore, proteins or complexes that bridge the
gap in the MAMs, such as the IP3R-heat shock protein
family A (Hsp70) member 9 (HSPAY, also known as
GRP75)-voltage dependent anion channel 1 (VDACI)
complex, along with other tethering factors like mitofu-
sin 2 (MEN2), phosphofurin acidic cluster sorting protein
2 (PACS2), VAMP associated protein B and C (VAPB),
and regulator of microtubule dynamics 3 (RMDN3, also
known as PTPIP51), establish a platform for the trans-
mission of ferroptosis signals from the ER to mitochon-
dria. Mechanistically, SIGMARI inhibition diminishes
ER-to-mitochondrial calcium transport, subsequent
mitochondrial ROS production, and elevates intracellular
PUFA-containing diacylglycerol levels [144]. These find-
ings establish a direct connection between the ER and
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ferroptosis. Hence, promoting the formation of MAMs However, it’s still uncertain whether other membrane
contact sites play a role in regulating ferroptosis. The
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interaction between the ER and the plasma membrane is
essential for exchanging membrane components, espe-
cially lipids and proteins [148]. Grasping the significance
of the ER-plasma membrane contact site in membrane
transport, both vesicular and non-vesicular trafficking,
and its potential impact on ferroptosis presents a nota-
ble challenge. Furthermore, calcium ions play pivotal
roles in normal cellular functions such as muscle con-
traction, neurotransmitter release, and enzyme activa-
tion. Disrupting calcium signaling in cancer cells might
inadvertently impact these vital functions in normal cells,
possibly resulting in undesired side effects.

Hypoxia-dependent pH changes

Regional hypoxia in tumors arises when oxygen con-
centration within certain areas of a tumor mass falls
significantly below that of surrounding tissues. This phe-
nomenon occurs due to the rapid proliferation of tumor
cells outpacing the development of new blood vessels,
leading to insufficient oxygen delivery to specific regions
within the tumor. Consequently, hypoxic regions become
a characteristic feature of many solid tumors [149].

In response to hypoxia, tumor cells undergo genetic
and metabolic adaptations to survive and proliferate
in low-oxygen environments [150-152]. Hypoxic con-
ditions induce genetic changes in tumor cells, favor-
ing the selection of aggressive phenotypes better suited
to thrive under such conditions. Additionally, tumor
cells in hypoxic regions undergo metabolic shifts, such
as increased aerobic glycolysis (known as the Warburg
effect), to generate energy and accumulate acidic byprod-
ucts. To counteract this acidic stress, cancer cells express
pH-regulating enzymes and transporters to maintain an
alkaline intracellular pH, supporting cell proliferation
and survival [153].

The reversal of the pH gradient within cancer cells trig-
gers metabolic reprogramming, and ferroptosis is linked
to cellular metabolic status. Consequently, hypoxia-
dependent pH regulation emerges as a critical pathway
in governing ferroptosis (Fig. 2B). For instance, carbonic
anhydrase 9 (CA9)-mediated intracellular alkaline pH
inhibits ROS production. Targeting CA9 enhances fer-
roptosis driven by NFS1 cysteine desulfurase (NFS1)
inhibition in a pH-dependent manner in human breast
cancer cells [154]. Mechanistically, CA9 inhibition or
interference with sodium-driven bicarbonate transport,
coupled with targeting of SLC7A11, leads to decreased
activation of protein kinase AMP-activated catalytic sub-
unit (PRKA; also known as AMPK), increased ACACA
activation, and enhanced ACSL4 expression [154]. In
contrast, under hypoxic conditions, hypoxia-inducible
factor 1 subunit alpha (HIF1A, also known as HIFla)
promotes ferroptosis resistance in several cancer cell

Page 11 of 41

lines. This resistance is mediated by the upregulation of
solute carrier family 1 member 1 (SLC1A1), enhancing
glutamate-cystine transport efficiency, and lactate dehy-
drogenase A (LDHA)-mediated lactate accumulation
in a pH-dependent manner, which runs parallel to the
SLC7A11 and AIFM2 systems [155]. Unlike the acidic
environment induced by hydrochloric acid (HCI), acidic
conditions induced by HCl (pH 6.6) promote ferropto-
sis induced by erastin and RSL3 under both normoxia
and hypoxia. Inhibition of HIF1A sensitizes mouse solid
tumors to ferroptosis inducers [155]. These findings gen-
erally support the notion that hypoxia-dependent pH
changes inhibit ferroptosis.

The HIF family consists of heterodimeric proteins
composed of an oxygen-sensitive alpha subunit (HIF1A,
endothelial PAS domain protein 1 [EPAS], also known as
HIF2«], or HIF3A [also known as HIF3a]) and a consti-
tutively expressed beta subunit aryl hydrocarbon recep-
tor nuclear translocator (ARNT, also known as HIF1p).
However, the HIF family is commonly up-regulated in
human cancers, demonstrating a dual role in regulat-
ing ferroptosis by modulating various target genes [14,
156-159]. For instance, the obesity-dependent adipokine
chemerin regulated by EPAS1 inhibits fatty acid oxida-
tion, allowing clear cell kidney cancer to evade ferrop-
tosis. This evidence highlights the complex mechanism
through which hypoxia impacts ferroptosis. Hence, it is
essential to elucidate the primary pathways regulated by
HIFs across various contexts to enable targeted interven-
tions for ferroptosis.

Furthermore, tumor cells exhibit adaptive responses
to fluctuations in pH by initiating compensatory mecha-
nisms to preserve pH homeostasis. For instance, cancer
cells may enhance the expression of pH-regulating pro-
teins and transporters or modify metabolic pathways
to offset alterations in extracellular pH levels. Target-
ing a single pH-regulating mechanism could trigger
the activation of alternative pathways, thereby con-
straining the efficacy of pH-targeted therapies. A com-
prehensive understanding of the influence of pH on
ferroptosis necessitates a thorough characterization of
pH-regulating proteins and transporters across various
stages of ferroptosis.

Intestinal flora

Intestinal flora, also termed gut microbiota or gut micro-
biome, encompasses the diverse assemblage of micro-
organisms residing within the gastrointestinal tract,
primarily colonizing the colon in both humans and other
animal species. This microbial community comprises
bacteria, viruses, fungi, and other microorganisms. The
composition of intestinal flora exhibits significant inter-
individual variability, influenced by factors, such as
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dietary habits, genetic makeup, age, and environmental
exposures. Perturbations in gut microbiota composi-
tion have been associated with altered sensitivity to vari-
ous forms of host cell death, including apoptosis [160],
pyroptosis [161], and ferroptosis [162, 163].

As anticipated, impaired ferroptosis plays a role in
infectious and sterile inflammatory diseases (Fig. 2C). For
instance, protein tyrosine phosphatase A (PtpA), secreted
by the tuberculosis (TB)-causing pathogen Mycobacte-
rium tuberculosis (Mtb), instigates ferroptosis in immune
cells, thereby fostering Mtb pathogenicity and dissemina-
tion [163]. Other pathogen-associated molecular patterns
(PAMPs), such as lipopolysaccharide (LPS), can induce
ferroptosis in immune and endothelial cells, thereby
accelerating the inflammatory response [164, 165]. Con-
versely, the production of capsiate by gut microbes
enhances GPX4 expression via the activation of transient
receptor potential cation channel subfamily V member 1
(TRPV1), thereby inhibiting intestinal ischemia-reper-
fusion injury or hypoxia/reoxygenation-induced ferrop-
tosis in mice [166]. Furthermore, Lactobacillus vaginalis
[B-galactosidase releases daidzein to inhibit farnesyl
diphosphate synthase (FDPS), consequently activating
the AKT serine/threonine kinase (AKT)-glycogen syn-
thase kinase 3 beta (GSK3B)-NFE2L2 pathway-depend-
ent GPX4 expression and mitigating ferroptosis-induced
liver injury in mice [167]. Thus, understanding the micro-
biota’s compositions and metabolites affecting ferropto-
sis is crucial for grasping the intestinal flora’s dual role in
this process.

Recent research has also highlighted the connec-
tion between intratumoral bacteria and cellular fer-
roptosis, impacting tumor development (Fig. 2C).
Colorectal cancer patients often display dysbiosis, char-
acterized by shifts in gut microbiota composition and
function, including a reduction in beneficial bacteria and
an increase in potentially harmful ones. A recent study
suggests that anaerobic Peptostreptococcus anaerobius
fosters colorectal carcinogenesis by producing the trypto-
phan metabolite, trans-3-indoleacrylic acid (IDA), which
inhibits ferroptosis through activating the aryl hydrocar-
bon receptor (AHR) [162]. Specifically, AHR-dependent
transcriptional upregulation of aldehyde dehydrogenase
1 family member A3 (ALDH1A3) uses retinaldehyde to
generate NADH, further promoting AIFM2-mediated
CoQ,oH, synthesis to inhibit ferroptosis [162]. Anaer-
obes are significantly enriched in colorectal cancer
patients. IDA treatment or P anaerobius implantation
promotes colorectal cancer progression associated with
decreased ferroptotic response in xenograft models and
ApcM+ mice [162, 168].

These findings elucidate how gut microbiota con-
tribute to colorectal cancer development by inhibiting
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ferroptosis. Additionally, the hepatitis B virus promotes
the development of hepatocellular carcinoma by inhibit-
ing ferroptosis [169]. These findings suggest that patho-
gens drive tumorigenesis through the suppression of
ferroptosis. However, chronic ferroptotic damage can
induce inflammation and promote tumor develop-
ment in pancreatic and liver cancer models [170-172].
Besides anti-ferroptotic AHR ligands such as IDA, pro-
ferroptotic AHR ligands, such as L-kynurenine, induces
cell death in natural killer cells, fostering gastric tumor
growth [173]. Additionally, tryptophan metabolites
serotonin and 3-hydroxyanthranilic acid enable various
tumor cells (e.g., HT-1080 and B16F10) to evade ferrop-
tosis by reducing oxidized phospholipid levels through
their radical-trapping antioxidant activity, both in vitro
and in vivo [174]. These findings indicate that tryptophan
metabolism exhibits a dual role in modulating ferropto-
sis, contingent upon the specific tumor type.

Collectively, the isolation and differentiation of spe-
cific intestinal flora and tumor-resident microbiota, along
with their metabolic products, pose challenges; however,
they hold promising applications [175-177].

Macropinocytosis

A primary pathway for inducing ferroptosis in cancer
cells involves nutrient deprivation of the amino acid
cystine or the pharmacological inhibition of SLC7A11
[178]. Cystine is primarily acquired by cells directly
from the extracellular space via system xc”. Addition-
ally, cancer cells can uptake extracellular substances for
nutrients through alternative pathways such as macro-
pinocytosis, a non-selective endocytic process observed
in various mammalian cells, including cancer cells and
cancer-associated fibroblasts [179]. Consequently, when
cancer cells undergo cystine deprivation-induced ferrop-
tosis, they activate macropinocytosis to evade ferroptosis
induction (Fig. 2D). For instance, HT-1080 cancer cells
uptake extracellular albumin via macropinocytosis and
release it into the cytoplasm after lysosomal breakdown
to liberate cysteine/cystine for the synthesis of anti-fer-
roptotic metabolites such as GSH [180]. This protective
mechanism is further potentiated by mechanistic target
of rapamycin kinase 1 (MTORC1) inhibition, underscor-
ing the significance of lysosomal activity. Indeed, albumin
catabolism within the lysosome depends on cathepsin
B (CTSB) and is facilitated by cystinosin, the lysosomal
cystine transporter (CTNS) [180]. MTOR inhibition
and albumin supplementation still confer protection
against U20S cells during lysosomal inactivation, sug-
gesting a direct antioxidant effect of albumin [180]. Nev-
ertheless, CTSB may also promote ferroptosis through
lysosomal cell death induction [181], making direct lyso-
some targeting challenging for enhancing ferroptosis,
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as lysosomes serve not only as recycling organelles for
amino acid synthesis and energy production but also as a
pivotal hub for various cell death pathways [182].

Sorafenib, a first-line therapeutic agent for hepatocel-
lular carcinoma, may induce ferroptosis by targeting sys-
tem xc~ [183]. However, hepatocellular carcinoma can
utilize macropinocytosis as an alternative cysteine acqui-
sition pathway. Sorafenib treatment induces mitochon-
drial dysfunction in human hepatocellular carcinoma
cells (SK-Hep1 and Huh?), activating the phosphatidylin-
ositol-4,5-bisphosphate 3-kinase catalytic (PI3K)-Rac
family small GTPase 1 (RAC1)-p21 (RAC1) activated
kinase 1 (PAK1) pathway-dependent macropinocytosis,
thereby imparting ferroptosis resistance [184]. RAS is
pivotal for macropinocytosis formation [185], yet it also
inhibits lipid peroxidation through multiple pathways
such as NFE2L2 [104] and fatty acid synthase (FASN)
[186], suggesting that targeting RAS may have varied
effects on specific cancer cells.

In summary, macropinocytosis-dependent ferropto-
sis inhibition primarily involves extracellular substance
uptake to supplement anti-ferroptosis metabolites. How-
ever, this protective mechanism may not be universal,
as the macropinocytosis level in non-cancer cells is sig-
nificantly lower than that in cancer cells [187, 188]. Fur-
thermore, both macropinocytosis and autophagy can be
modulated by similar signaling pathways, including those
associated with growth factors, nutrient availability, and
stress responses [189]. Distinguishing the roles of these
pathways in regulating ferroptosis-related therapy across
different cancer cell types is an intriguing area for further
investigation.

The pathological significance of ferroptosis

In recent years, there has been growing recognition of
ferroptosis as a contributing factor in the development
of various diseases affecting nearly every organ system.
This section will delve into the involvement of ferrop-
tosis in conditions, such as cancer, neurodegeneration,
sepsis, ischemia—reperfusion injury, autoimmune dis-
orders, and metabolic disorders (Fig. 3). These diseases
are highly susceptible to ferroptosis due to their elevated
lipid content and the presence of iron, which catalyzes
lipid peroxidation. Among the multiple signaling path-
ways, the impaired GPX4 pathway and increased ferri-
tinophagy play central roles in mediating ferroptosis in
these diseases.

Cancer

Apoptosis has long been regarded as the primary mecha-
nism for eliminating cancer cells. However, the dysregu-
lation of apoptotic pathways, particularly the activation
of anti-apoptotic mechanisms, often limits the efficacy
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of apoptosis-based cancer treatments [190, 191]. Over
the past decade, extensive research into compounds
targeting cancer-related genes and signaling pathways,
particularly those associated with KRAS mutations, has
unveiled a close association between ferroptosis and
various cancers. Given the heightened metabolic activ-
ity and increased levels of ROS and iron content typically
observed in cancer cells [192, 193], it is logical to con-
sider cancer cells as potentially more susceptible to fer-
roptosis induction. Consequently, targeting ferroptosis
represents a promising vulnerability in combating can-
cers (discussed later), including those exhibiting resist-
ance to apoptosis, albeit through different mechanisms.

However, cancer cells have evolved various strategies
to counteract the metabolic and oxidative stresses asso-
ciated with ferroptosis. For instance, the stress-inducible
nuclear protein 1, transcriptional regulator (NUPRI)
promotes ferroptosis resistance in human PDAC cells
and mouse models by upregulating lipocalin 2 (LCN2)
expression, thereby reducing iron accumulation and
subsequent oxidative damage [194]. PDK4-mediated
inhibition of pyruvate oxidation and heat shock protein
family A member 5 (HSPA5)-mediated stabilization of
GPX4 have been identified as mechanisms for inhibit-
ing ferroptosis in PDAC cells and mouse models [117,
195]. De novo pyrimidine biosynthesis involves cytosolic
carbamoyl-phosphate synthetase II, aspartate transcar-
bamylase, and dihydroorotase, uridine monophosphate
synthetase (UMPS), and DHODH, contributing to fer-
roptosis resistance in cancer cells (e.g., HeLa cells) and
in xenograft models [196]. Similarly, increased expres-
sion of the cystine-glutamate antiporter SLC7A11 and
the antioxidant transcription factor NFE2L2 serve as
crucial pathways for mitigating ferroptosis [197, 198].
High expression of SLC7A11 under glucose starvation
conditions may instead induce disulfidptosis [199], while
NFE2L2 also regulates heme oxygenase 1 (HMOX1, also
known as HO-1) to modulate ferroptosis [200]. Thus, the
sensitivity or resistance of a particular cancer to ferropto-
sis induction depends on its unique genetic makeup.

In addition to its widespread use as a strategy to
inhibit established tumor growth, several gene engi-
neering models suggest that ferroptotic damage can
promote tumorigenesis through damage-associated
molecular pattern (DAMP)-mediated inflammation
and subsequent immune suppression. For instance,
depleting Gpx4 in the pancreas or using high-iron diets
in studies involving caerulein-induced pancreatitis
and Kras®?P-induced pancreatic cancer in mice accel-
erated experimental pancreatitis and tumorigenesis
[170, 201]. Ferroptotic pancreatic cells release onco-
genic KRAS protein via exosomes, which are taken up
by macrophages through the advanced glycosylation
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Fig. 3 The pathological significance of ferroptosis. Ferroptosis has been implicated in a variety of diseases across different organs and tissues. In
cancer, for example, ferroptosis resistance contributes to tumor progression and treatment resistance, while inducing ferroptosis has emerged

as a potential therapeutic strategy. In neurodegenerative diseases such as Alzheimer’s and Parkinson’s, excessive lipid peroxidation and ferroptosis
have been observed in affected brain regions, suggesting a role in neuronal death. Ischemia-reperfusion injury in organs like the heart

and kidney involves oxidative stress and lipid peroxidation, leading to tissue damage characteristic of ferroptosis. Understanding the mechanisms
and regulation of ferroptosis in various diseases holds promise for the development of novel therapeutic interventions targeting this pathway

end-product specific receptor (AGER, also known
as RAGE). This uptake induces a pro-tumor M2
polarization of macrophages [202]. Similarly, liver-
specific knockout of Gpx4 accelerates diethylnitrosa-
mine-induced hepatocellular carcinoma by releasing
high-mobility group box 1 (HMGB1), recruiting mye-
loid-derived suppressor cells (MDSCs), and upregu-
lating the checkpoint protein CD274 (also known as
PD-L1) [171]. In diethylnitrosamine-induced hepato-
cellular carcinoma mouse models, conditional deletion

of activating transcription factor 4 (Atf4), an ER stress-
related transcription factor, enhances ferroptotic liver
damage by downregulating SLC7A11, thus promoting
liver tumorigenesis [203].

Therefore, achieving a comprehensive understanding
of the dual role of ferroptosis in various stages of can-
cer necessitates the assessment of cancer genomes as
well as the tumor microenvironment, both of which are
crucial internal and external factors in tumorigenesis
[170, 204—207].
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Neurodegeneration

Neurodegeneration encompasses a spectrum of diseases,
including Alzheimer’s disease, Parkinson’s disease, Hun-
tington’s disease, and others, characterized by neuronal
death and loss of neurological function [208]. Iron accu-
mulation and lipid peroxidation are common pathophysi-
ological features of these conditions. Glutamate-induced
excitotoxicity is recognized as a key contributor to neuro-
degenerative diseases [209], and high extracellular gluta-
mate levels can inhibit system xc™ and induce ferroptosis,
implicating ferroptosis in the regulation of neurodegen-
eration. Indeed, ferrostatin-1, a ferroptosis inhibitor,
blocks glutamate-induced neuronal excitotoxic death in
an ex vivo model of rat hippocampal slice culture.

At the genetic level, depletion of Gpx4 promotes neu-
ronal damage and neurodegeneration in mice [210], while
Gpx4 overexpression prolongs survival and delays disease
onset in amyotrophic lateral sclerosis models. Iron che-
lators and lipophilic radical-trapping antioxidants have
shown promise in various in vitro experimental models of
neurodegenerative diseases [211]. Additionally, ACSL4-
dependent ferroptosis promotes experimental autoim-
mune encephalitis in mouse models by enhancing T cell
activation. Inhibiting ferroptosis with ceruloplasmin
improves the behavioral phenotype of experimental auto-
immune encephalitis mice and prevents neuronal cell
death [212]. Microglial ferroptosis mediated by SEC24
homolog B, COPII coat complex component (SEC24B)
accelerates neurodegeneration in a human induced pluri-
potent stem cell-derived microglia model grown in a tri-
ple culture system [213].

In conclusion, various pathways involved in ferroptosis
influence the progression of neurodegenerative diseases,
making targeting ferroptosis a promising therapeutic
approach. However, the systemic use of iron chelators
and potential side effects of antioxidants require careful
evaluation.

Sepsis

Sepsis, a severe medical condition triggered by sys-
temic inflammation in response to infection, often
arises from bacterial, viral, or fungal pathogens. This
immune response leads to widespread inflammation,
clotting, impaired blood flow, organ dysfunction, and
potentially life-threatening complications such as sep-
tic shock. Emerging evidence implicates ferroptosis
in sepsis, as it directly exacerbates or promotes organ
damage associated with this condition. For instance,
solute carrier family 39 member 8 (SLC39A8)-driven
ferroptosis is a primary contributor to monocyte loss in
sepsis patients, resulting in immunosuppression, while
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inhibiting SLC39A8 can reduce LPS-induced lipid per-
oxidation [214]. In murine models of LPS-induced sep-
sis, intravenously administered melanin nanoparticles
attenuate myocardial injury by inhibiting ferroptosis,
thereby reducing oxidative stress, inflammation, and
maintaining mitochondrial homeostasis [215].

In bacterial infection-mediated sepsis, GPX4 nega-
tively regulates sepsis severity in macrophages and
lethality in mice. Conditional knockdown of Gpx4 in
myeloid cell lines increases lipid peroxidation-depend-
ent caspase-11 activation and gasdermin D (GSDMD)
cleavage, triggering macrophage pyroptosis via a phos-
pholipase C gamma 1 (PLCG1)-dependent pathway
[103]. The administration of the antioxidant vitamin E,
rather than liproxstatin-1, prevents polymicrobial sep-
sis in Gpx4 conditional knockout mice in myeloid cells,
suggesting that ferroptosis is not required for Gpx4
depletion-induced cell death in myeloid cells respond-
ing to bacterial infections [103]. Particularly, the effi-
cacy of vitamin E, but not liproxstatin-1, in this context
raises questions. The underlying mechanism may stem
from liproxstatin-1’s specificity as a ferroptosis inhibi-
tor, achieved through the trapping and stabilization of
free radicals, which are not essential in this scenario. In
contrast, vitamin E exhibits multifunctionality, includ-
ing anti-inflammatory properties, interference with
phospholipase A2 and ALOX, modulation of protein
CD36 and low-density lipoprotein (LDLR) receptor
expression, and regulation of protein kinase C (PRKC)
signaling [216]. Specific preclinical studies have indi-
cated that the administration of ferroptosis inhibi-
tors or antioxidants can ameliorate organ damage and
enhance survival in septic animal models [217-219].
This suggests that ferroptosis occurring within tissues,
rather than within myeloid cells, may play a more sig-
nificant role in driving the development of sepsis.

Ferroptosis appears to play a critical role in experi-
mental non-septic multiorgan dysfunction rather than
sepsis-induced multiorgan dysfunction. Highly soluble
ferrostatin-analogue effectively blocks lipid peroxi-
dation induced by the former and protects mice from
injury and death, highlighting the importance of com-
binatorial treatment for sepsis [220]. Additionally, the
synergistic role of different RCD pathways, such as the
simultaneous neutralization of inflammatory factors,
such as interleukin (IL)-1 and IL18, may further eluci-
date the pathophysiology of sepsis [221].

In conclusion, the dysregulation and interplay of fer-
roptosis and other forms of cell death contribute to
tissue damage, organ dysfunction, and mortality in sep-
sis. Understanding the underlying mechanisms holds
promise for the development of novel therapeutic strat-
egies to improve outcomes in septic patients.
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Ischemia-reperfusion injury

Ischemia/reperfusion (I/R) injury occurs when blood
supply to a tissue or organ is temporarily interrupted
(ischemia) and then restored (reperfusion), leading to
tissue damage and dysfunction. This phenomenon com-
monly occurs during medical conditions such as myo-
cardial infarction, stroke, organ transplantation, and
surgeries involving temporary occlusion of blood vessels
[222].

Although the detailed mechanisms remain unclear,
free radicals and calcium ion (Ca®") loading are the main
inducers of cell death, including ferroptosis, in myocar-
dial I/R [223, 224]. In an ex vivo model simulating car-
diac I/R injury in mice, iron chelators and inhibition of
glutaminolysis attenuated cardiac injury induced by I/R
[225]. Subsequent in vivo experiments in mice dem-
onstrated that either iron chelation or pharmacologic
blockade significantly alleviated chemotherapy- and IR-
induced cardiomyopathy [226].

Kidney injury is another organ strongly associated with
ferroptosis. Conditional knockdown of Gpx4 in kidney
tubular cells in mice induced lipid oxidation-dependent
acute renal injury, whereas the use of liproxstatin-1 atten-
uated I/R-induced hepatic injury and cellular ferroptosis
in Gpx4 knockout mice [45]. Similarly, ferroptosis pre-
dominates in renal tubular cell death in severe I/R injury
and oxalate crystal-induced acute renal injury mouse
models, and the use of a ferroptosis-specific inhibitor
(SRS16-86) has a potent protective effect against acute
renal injury [227]. Acute renal injury is characterized by
rapid onset and is accompanied by massive cell death and
inflammatory responses, possibly due to the release of
currently uncharacterized death signals from dead cells
affecting the redox capacity of neighboring cells. A recent
study has shown that platelet-activating factor (PAF) and
PAF-like phospholipids mediate biofilm destabilization
and propagate ferroptosis signals to neighboring cells.
Conversely, this cascade can be inhibited by platelet-acti-
vating factor acetylhydrolase 2 (PAFAH2) or by antibod-
ies targeting PAF, while knockdown or pharmacological
inhibition of PAFAH2 enhances synchronized ferroptosis
and exacerbates I/R-induced acute renal injury [228].

Ferroptosis also plays a critical role in cerebral [229],
hepatic, and pulmonary I/R injures [125, 230]. The miti-
gation of I/R injury can be achieved by using lipophilic
radical-trapping antioxidants such as liproxstatin to
block the propagation of lipid peroxidation radicals or
by inhibiting key enzymes, such as ACSL4, LPCATS3,
ALOX5, and POR [231]. However, it is important to opti-
mize the stability and specificity of antioxidant drugs
in vivo and develop drugs that can exert anti-ferroptosis
effects rapidly, as IR injury usually occurs within a short
timeframe.
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Overall, ferroptosis is increasingly recognized as a
contributor to I/R injury in various tissues or organs,
highlighting that inhibiting ferroptosis is a promising
approach to prevent against I/R. Nevertheless, further
studies are needed to elucidate how different forms of
cell death, including ferroptosis and non-ferroptotic cell
death, orchestrate the sterile inflammatory response,
which is a central event in I/R. It is essential to iden-
tify specific serum or tissue biomarkers to distinguish
between these types of cell death.

Autoimmune disease

Autoimmune diseases encompass a spectrum of disor-
ders arising from aberrant induction of cell death and
inadequate clearance of self-cells or tissues, including
systemic lupus erythematosus, rheumatoid arthritis,
and multiple sclerosis [232]. Ferroptosis activation is
evident in these autoimmune disease models [233]. Sys-
temic lupus erythematosus, often referred to as lupus,
is a chronic autoimmune disease that can affect vari-
ous parts of the body, including the skin, joints, kidneys,
heart, lungs, brain, and blood cells. In lupus, the body’s
immune system mistakenly attacks its own tissues and
organs, leading to inflammation and damage. Neutro-
phils from systemic lupus erythematosus patients exhibit
heightened susceptibility to ferroptosis due to suppressed
expression of GPX4 compared to healthy individuals.
Serum autoantibodies and interferon-alpha enhance the
binding of the transcriptional repressor CAMP respon-
sive element modulator (CREM) to the Gpx4 promoter,
thereby inducing neutrophil ferroptosis. Moreover,
specific knockdown of Gpx4 in mouse neutrophils elic-
its clinical features resembling human systemic lupus
erythematosus. Similarly, in progressive rheumatoid
arthritis, synovial fibroblasts demonstrate abnormal pro-
liferation dependent on the accumulation of ROS and
lipid oxidation [234]. In the collagen-induced arthritis
mouse model, imidazole ketone erastin (IKE) reduces the
number of fibroblasts in the synovial membrane and alle-
viates arthritis progression [234].

Beyond synovial fibroblasts, other subpopulations and
cellular heterogeneity are pivotal in controlling rheu-
matoid arthritis progression. For example, expression of
transient receptor potential cation channel subfamily M
member 7 (TRPM7) is elevated in articular chondrocytes
from adjuvant arthritis rats, human rheumatoid arthri-
tis patients, and erastin-treated cultured chondrocytes.
Inhibition of TRPM7 activates the protein kinase C alpha
(PRKCA)-NOX4 axis, leading to lipid ROS accumula-
tion. Genetic or pharmacological inhibition of TRPM?7
attenuates articular cartilage destruction in adjuvant
arthritis rats [235]. Ferroptosis of anti-inflammatory
M2 macrophages, but not M1 macrophages, positively
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correlates with rheumatoid arthritis disease severity.
Treatment with liproxstatin-1 attenuates disease pro-
gression, accompanied by an increased proportion of M2
macrophages in K/BxN serum-transfer-induced arthritis
mice [236].

These findings demonstrate the crucial role of ferropto-
sis activation in autoimmune diseases. Both rheumatoid
arthritis and systemic lupus erythematosus patients dis-
play significantly elevated serum levels of ROS and lipid
peroxidation. Therefore, targeting ferroptosis emerges as
a promising therapeutic strategy to mitigate autoimmune
diseases.

Metabolic disorder
Metabolic disorders encompass disruptions in the body’s
regulation of glucose, insulin, lipids, and other vital mole-
cules. Common examples include metabolic dysfunction-
associated steatotic liver disease (MASLD, also known as
NAFLD) and diabetes mellitus (type 1 and type 2).
Contrary to ferroptosis’ role in eliminating cancer cells,
its activation in normal liver cells can contribute to the
development of liver diseases such as MASLD, a con-
dition characterized by abnormal fat accumulation in
the liver unrelated to alcohol consumption [237]. Non-
alcoholic steatohepatitis (NASH), an advanced form of
MASLD, can progress to liver cancer. While metabolic
alterations due to free fatty acids largely drive hepatocyte
injury, factors driving the transition from simple fatty
liver to NASH are multifaceted. Lipotoxicity, oxidative
stress, organelle dysfunction, and inflammation all con-
tribute to hepatocyte death and worsen NASH progres-
sion, with ferroptosis playing a significant role [238—241].
ACSLA4 is upregulated in patients with MASLD. Liver-
specific deletion of Acsl4 or pharmacological targeting
with abemaciclib can significantly reduce steatosis and
liver fibrosis in mice [242]. Additionally, interventions,
such as rosiglitazone or genetic targeting of ACSL4, miti-
gate NASH and ferroptosis in animal models. Markers
of oxidative stress, such as malondialdehyde and 4HNE,
are elevated in NASH patients, indicating lipid peroxida-
tion involvement [243]. Fluorescent probes tracking lipid
droplets highlight ferroptosis’s pivotal role in MASLD
[244, 245]. Antioxidants, such as vitamin E, reduce serum
alanine aminotransferase (ALT) levels in NASH patients
[246]. Stress responses accompany hepatocyte injury, as
seen in the ATF4-dependent SLC7A11 expression in a
NASH-related hepatocellular carcinoma mouse model
[203]. In contrast to the accelerated liver injury observed
in MASLD, a study reported progressive suppression of
ferroptosis with the exacerbation of NASH [247]. This
suggests a potential protective role of ferroptosis against
liver injury in early-stage NASH. Further understanding
the pathological role of ferroptotic damage in MAFLD
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may establish new approaches to prevent hepatocellular
carcinoma.

The relationship between ferroptosis and diabetes is
also well documented. First, excessive iron stores, includ-
ing the expression of ferritin and ferroptosis-related
genes, are positively associated with the development
of type 2 diabetes mellitus in both mouse models and
humans [248, 249]. Second, ferroptosis inducers, such as
erastin, can impede the growth and function of human
pancreatic islet-like cell clusters, which are three-dimen-
sional structures resembling pancreatic islets in morphol-
ogy and function [250]. Third, environmental pollutants
such as acrolein and arsenic, which pose a high risk for
type 2 diabetes mellitus, can induce ferroptosis and dis-
rupt insulin secretion via the ER stress-related eukaryotic
translation initiation factor 2 alpha kinase 3 (EIF2AK3;
also known as PERK) pathway in mouse pancreatic 3-cell
MING cells [251]. Moreover, ferroptosis inhibitors (e.g.,
ferrostatin-1) and antioxidants (e.g., quercetin) have
shown protective effects against diabetic organ damage,
including damage to the kidney, heart, liver, and brain
[252-256)].

These findings suggest the implication of ferropto-
sis and its associated proteins in metabolic disorders
impacting glucose and lipid metabolism. Ferroptosis
activation may initially suppress metabolic disorder pro-
gression but accelerate it in later stages. The main goal
of studying ferroptosis in metabolic diseases is to under-
stand the dynamic molecular mechanisms involved in
disease development. This understanding can pave the
way for the development of novel therapeutic interven-
tions targeting ferroptosis, ultimately aimed at enhancing
patient outcomes.

Ferroptosis in cancer therapy

Ferroptosis has attracted considerable attention in the
field of cancer therapy due to its significant therapeutic
potential. Currently, ferroptosis exhibits cancer-suppres-
sive effects across various conventional cancer treatment
modalities. As elucidated below, ferroptosis presents
itself as a promising therapeutic avenue within specific
cancer contexts (Fig. 4).

Chemotherapy

Although chemotherapy remains the cornerstone of can-
cer therapy, it is often accompanied by significant side
effects and the development of acquired drug resist-
ance. Numerous preclinical and clinical investigations
have been conducted to address drug resistance issues
[257]. Ferroptosis has emerged as a promising strategy
to address the challenges associated with current chemo-
therapy approaches, leveraging several key attributes: (1)
selective targeting of malignant cells while preserving
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Fig. 4 Ferroptosis in cancer therapy. Conventional cancer treatments, such as chemotherapy, radiotherapy, immunotherapy and nanotherapy
can trigger ferroptosis, halting tumor growth. However, they may also activate pathways enabling cancer cells to evade ferroptosis. Therefore,
combining therapies with the inhibition of ferroptosis escape pathways can significantly improve treatment outcomes. Ferroptotic cancer cells
release damage-associated molecular patterns (DAMPs), which play a dual role in either promoting or inhibiting antitumor immunity, depending

on the specific type and stage of cancer

normal cellular integrity [258]; (2) reversal of drug resist-
ance through ferroptosis induction alone [259], and
(3) efficacy of certain Food and Drug Administration
(FDA)-approved drugs in triggering ferroptosis [9]. For
instance, ironomycin, a synthetic derivative of salinomy-
cin, exhibits potent selective activity against mesenchy-
mal stem cells from human breast cancer. Ironomycin

accumulates and sequesters iron within lysosomes, sub-
sequently activating ferritinophagy and blocking cancer
cell proliferation [258]. Moreover, evidence suggests that
several FDA-approved drugs can effectively induce fer-
roptosis in specific cancer types, offering cost-effective
and side effect-reducing alternatives in drug development
(Table 2).
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Prolonged exposure to first-line chemotherapeutic
agents often leads to multidrug resistance via various
mechanisms, including increased autophagic activity.
Given the dual role of autophagy, strategies targeting
either autophagy inhibition or selective autophagy activa-
tion have shown promise in restoring sensitivity in drug-
resistant cells. For instance, 4-octyl itaconate induces
ferritinophagy-dependent ferroptosis, effectively over-
coming carboplatin resistance in retinoblastoma cells
and xenograft models [260, 261]. In macrophages, itaco-
nate has been found to inhibit ferroptosis by activating
the NFE2L2 pathway [262]. This suggests that itaconate
could serve as an appealing agent for selectively inducing
ferroptosis in cancer cells rather than immune cells, such
as macrophages. Similarly, elevated phosphoglycerate
dehydrogenase (PHGDH) levels contribute to resistance
in castration-resistant prostate cancer patients against
the androgen receptor inhibitor enzalutamide. Inhibi-
tion of PHGDH expression, either genetically or pharma-
cologically with NCT-503, has been shown to suppress
CRPC cell growth and overcome Enza resistance in vitro
and in vivo via ferroptosis activation [263]. Additionally,
ferroptosis induction or NCT-503 treatment synergisti-
cally enhances enzalutamide-resistant CRPC cell sensi-
tivity to enzalutamide in xenograft models [263]. These
findings indicate the efficacy of ferroptosis induction as a
standalone approach in eliminating drug-resistant cancer
cells, with combinatorial therapies further augmenting
chemotherapy outcomes.

In summary, ferroptosis represents a promising avenue
in cancer therapy. However, due to tumor heterogeneity
and feedback mechanisms influencing ferroptosis [10],
leveraging combinatorial strategies and addressing tumor
heterogeneity may enhance therapeutic efficacy further.

Radiotherapy

Radiotherapy stands as the cornerstone treatment for
several solid tumors, such as lung, breast, esophageal,
colorectal cancers, and glioblastoma. Traditionally, its
mechanism revolves around inhibiting tumor cell pro-
liferation and growth by inducing apoptosis, primar-
ily through damaging the DNA structure of tumor cells
[264, 265]. Radiotherapy disrupts biomolecules, includ-
ing lipids, via the excessive generation of ROS from cell
water radiolysis, suggesting involvement of ferroptosis in
radiotherapy. For instance, radiotherapy triggers ACSL4-
dependent ferroptosis in various cancer cell lines and
xenografted tumor-bearing mice [266]. However, the
adaptive upregulation of SLC7A11 and GPX4 hinders
radiotherapy efficacy; hence, inactivating SLC7A11 or
GPX4 with ferroptosis inducers yields radioresistant can-
cer cells and xenograft tumors [266].
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Moreover, combining radiotherapy with immuno-
therapy enhances cellular susceptibility to ferroptosis,
independent of typical DNA damage effects. Radiother-
apy-activated ATM serine/threonine kinase (ATM) pro-
duces interferon-gamma (IFNG, also known as IFNy)
independently but synergistically inhibits SLC7A11 and
induces ferroptosis. The combination of immunotherapy-
activated CD8™ T cells significantly inhibits B16F10, ID8,
HT-1080 cancer cells, and xenografts in tumor-bearing
mice [267]. Treatment with the Poly (ADP-Ribose) poly-
merase (PARP) inhibitor niraparib enhances radiother-
apy-induced ferroptosis and boosts antitumor immune
responses through the DNA sensor cyclic GMP-AMP
synthase (CGAS) signaling pathway in colorectal cancer
cells (MC38, CT26, and HT29) [268]. Thess study sug-
gests inducing ferroptosis to enhance immunotherapeu-
tic combinations with radiotherapy for cancer treatment.

Some metal ions can impede the anticancer effects
of radiotherapy-dependent ferroptosis. For instance,
radiotherapy induces a decrease in COMM domain-
containing 10 (COMMD10), leading to intracellular cop-
per accumulation and radio-resistance in hepatocellular
carcinoma. Mechanistically, radiotherapy-induced low
COMMDI10 expression inhibits ubiquitin degradation
of HIF1A, inducing copper accumulation and promot-
ing nuclear translocation of HIF1A to induce transcrip-
tion of ceruloplasmin (CP) and SLC7A11, thus inhibiting
ferroptosis in hepatocellular carcinoma cells and tumor-
bearing mice [269]. Elevated CP further promotes HIF1A
expression by reducing iron, establishing a positive
feedback loop [269]. Given that copper can also induce
cuproptosis under certain conditions [106], it would be
intriguing to delve deeper into elucidating the interplay
between cuproptosis and ferroptosis in the context of
radiotherapy.

Furthermore, targeting regulators of ferroptosis, such
as AIFM2 [270], glutathione synthetase (GSS), GPX4, FA
complementation group D2 (FANCD2), and MAF BZIP
transcription factor F (MAFF) can sensitize specific can-
cers to radiotherapy-dependent ferroptosis [271-275].
Additionally, radiotherapy induces radiation colitis in
patients, affecting their quality of life. However, an orally
administered Pickering emulsion stabilized with hal-
loysite clay nanotubes can inhibit ferroptosis, alleviating
radiocolitis in vitro and in vivo [276]. This suggests that
radiotherapy-dependent ferroptosis plays a dual role in
cancer treatment, emphasizing the need for subsequent
rational regulation of specific oxidative stress to safe-
guard the anticancer effects of radiotherapy.

Immunotherapy
Unlike traditional cancer treatments, such as chemo-
therapy or radiation therapy, which directly target cancer
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cells, immunotherapy functions by activating the body’s
immune system to identify and combat cancer cells more
efficiently. Over the past decade, the emergence of immu-
notherapy, especially immune checkpoint inhibitors, has
significantly altered the paradigm of tumor treatment;
however, only a minority of patients exhibit responsive-
ness to immunotherapy. Consequently, addressing this
challenge necessitates additional strategies to augment
immunotherapy efficacy.

Recent research suggests that enhancing ferroptosis
responses could potentially amplify the effectiveness of
immunotherapy. For instance, anti-CD274-mediated
immunotherapy triggers CD8* T cells to release IFNG,
subsequently inhibiting SLC7A11 and inducing fer-
roptosis, thereby enhancing immunotherapy in vivo
[267]. ACSL4-dependent tumor ferroptosis, induced by
the combination of IFN-gamma and arachidonic acid,
also triggers CD8" T cell-dependent antitumor immu-
nity [277]. Similarly, targeting GPX4 in human triple-
negative breast cancer has been shown to enhance the
efficacy of anti-PDCD1 therapy [278]. Mefloquine, a
medication primarily utilized for preventing and treating
malaria, improves the effectiveness of anti-PD-1 immu-
notherapy [279]. This enhancement occurs through the
IFNG-signal transducer and activator of transcription 1
(STAT1)-interferon regulatory factor 1 (IRF1)-LPCATS3-
induced ferroptosis pathway in mouse models of mela-
noma and lung cancer [279]. Furthermore, inhibiting or
remodeling immunosuppressive cells within the tumor
microenvironment via ferroptosis can similarly augment
immunotherapeutic effectiveness. For example, inhibi-
tion of apolipoprotein C1 (APOCI1) restores ferroptosis
sensitivity, leading to the conversion of tumor-associ-
ated macrophages from an M2 to an M1 phenotype and
enhancing anti-PDCD1 immunotherapy against hepato-
cellular carcinoma and lung cancers [280, 281]. Inhibiting
PGE2-induced ferroptosis in CD8* T cells restores the
anticancer activity of IL2 in mouse models [51]. Carni-
tine palmitoyltransferase 1A (CPT1A) is a key enzyme
in fatty acid metabolism, facilitating the transfer of long-
chain fatty acids into mitochondria for energy production
via beta-oxidation. Its expression is regulated by MYC,
which can activate the NFE2L2 pathway to inhibit fer-
roptosis [282]. In mouse models of lung cancer, targeting
CPT1A with etomoxir induces ferroptosis and synergizes
with anti-PDCD1 immunotherapy to enhance anti-
tumor immunity [282]. These findings provide insights
into a potential therapeutic strategy targeting fatty acid
metabolism to enhance ferroptosis-mediated immune
response.

Chimeric antigen receptor (CAR) T-cell therapy repre-
sents an innovative approach to immunotherapy, lever-
aging the body’s immune system against cancer. In this
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method, T cells, a subset of immune cells, are isolated
from the patient’s bloodstream and genetically engi-
neered to express CARs on their surface. These CARs
empower the T cells to recognize and attack cancer cells
bearing specific antigens. A recent study has presented
initial evidence indicating that ferroptosis may curtail
the persistence and anti-tumor efficacy of CAR-T cells.
Conversely, inhibition of ferroptosis appears to foster the
development of HNF1 homeobox A (HNF1A; also known
as TCF1)™ hepatitis A virus cellular receptor 2 (HAVCR2;
also known as TIM3)™ CAR-T cells, enhancing the ther-
apeutic potential of CAR-T cell therapy [283]. Hence,
inhibiting ferroptosis may augment CAR-T therapy.

In addition, the release of DAMPs from ferroptotic
cells to promote immunogenic cell death (ICD) simi-
larly enhances immunotherapy. For instance, in immu-
nocompetent mice, early ferroptotic cells (1 h) but not
late ferroptotic cells (24 h) promoted phenotypic matu-
ration of bone marrow-derived dendritic cells (BMDCs)
and induced a vaccination-like effect through the release
of adenosine triphosphate (ATP) and HMGBI1. Recom-
bination-activated 2 (Rag-2) knockout mice failed to
induce immunogenicity, suggesting that the mechanism
of immunogenicity is tightly regulated by the adap-
tive immune system and is time-dependent [284]. Fer-
roptosis also impairs anti-tumor immunity by releasing
DAMPs in a specific context. For instance, the release
of KRAS?P protein from ferroptotic pancreatic cancer
cells for uptake by macrophages via the AGER pathway
leads to macrophage M2 polarization and stimulates
tumor growth [202].

In addition to its role in inhibiting sorafenib-induced
ferroptosis in hepatocellular carcinoma cells, metal-
lothionein 1G (MT1G) is associated with ferropto-
sis response and acts as a prognostic biomarker and an
indicator of immune checkpoint inhibitor therapy sensi-
tivity in patients with prostate cancer [285]. In patients
with triple-negative breast cancer, higher GPX4 expres-
sion is associated with lower cytolytic scores and poorer
prognoses in immunotherapy cohorts [278]. This indi-
cates GPX4’s role not just as a regulator, but also as a
biomarker for predicting the immune response related
to ferroptosis [278]. However, since GPX4 is widely
expressed across both cancerous and immune cells,
indiscriminate use of GPX4 inhibitors, such as RSL3,
could lead to immunosuppression or toxicity [99, 286]. A
recent study has shown that the compound N6F11 acti-
vates tripartite motif containing 25 (TRIM25), which
predominantly exists in cancer cells rather than immune
cells [287]. The activation of TRIM25 leads to the deg-
radation of GPX4 via the ubiquitin—proteasome system
(UPS) pathway [287]. Significantly, the combination of
N6F11 with an anti-CD274 antibody has demonstrated
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potent anti-cancer efficacy in multiple pancreatic cancer
mouse models, without discernible side effects [287].

In conclusion, ferroptosis has a dual role in immu-
notherapy [288], and the development of a specific
inhibitor or inducer targeting ferroptosis can improve
immunotherapy.

Nanotherapy

Tumors and normal tissues possess distinct properties
that can be exploited to design targeted delivery systems
for improved therapeutic outcomes. Numerous studies
have demonstrated the potential of nanomaterials tar-
geting ferroptosis in the development of novel cancer
therapies (Table 1). However, the design of such nano-
materials varies and is based on several key properties,
including: (1) enhancing GSH depletion [289], (2) target-
ing iron metabolism and availability [290], and (3) target-
ing antioxidant defense and lipid peroxidation [291]. For
instance, a Cu-tetra(4-carboxyphenyl) porphyrin chlo-
ride (Fe(IlI)) (Cu-TCPP(Fe)) metal-organic framework
(MOF)-based nanosystem, incorporating gold nanoparti-
cles (NPs) and RSL3, inhibits the tumor’s anti-ferropto-
sis pathway, thereby amplifying ferroptosis injury. Gold
nanoparticles disrupt the pentose phosphate pathway,
hinder GSH biosynthesis, and impede the cycling of
CoQ, to CoQ;yH,. Meanwhile, copper oxidizes GSH to
oxidized GSH (GSSG) and interacts with the GPX4 inac-
tivation function of RSL3, significantly inducing ferrop-
tosis in triple-negative breast cancer [292]. A novel drug
delivery system named GDMCN2 gradually releases the
sonosensitizer sinoporphyrin sodium and gemcitabine
upon entry into tumor cells under ultrasound irradiation,
leading to concomitant ROS generation. Mechanistically,
ROS induce NCOA4-dependent ferritinophagy and exac-
erbate mitochondrial and DNA damage, thereby increas-
ing the sensitivity of human pancreatic cancer cells and
tumor-bearing mice to chemotherapeutic agents [293].

Table 1 Examples of nanomaterials for inducing ferroptosis
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Furthermore, synergies with other conventional treat-
ments need to be considered alongside targeted strat-
egies that directly trigger ferroptosis. For instance, a
tumor microenvironment-degradable nanohybrid with
dual radiosensitization modality overcomes enhanced
ferroptosis defenses during radiotherapy in triple-nega-
tive breast cancer. Encapsulated I-butylsulfoximide (BSO)
inhibits GSH biosynthesis and inactivates GPX4, while
delivered ferrous ions act as potent ferroptosis response
actuators via the Fenton reaction, significantly inducing a
robust ferroptosis response. This synergistically interacts
with surface-decorated gold (Au) nanoparticle-mediated
radiosensitization, enhancing in vitro and ex vivo radio-
therapy effects [304].

Overall, the field of nanotherapy, aimed at inducing
ferroptosis to augment the efficacy of chemotherapy,
radiotherapy, and immunotherapy, is rapidly advancing
[305-311]. Nanotherapy presents multiple benefits, such
as enhanced drug potency, minimized adverse effects,
improved bioavailability, and the capacity to bypass bio-
logical obstacles such as the blood—brain barrier. None-
theless, to mitigate off-target effects, the utilization of
nanomedicine in human healthcare necessitates meticu-
lous evaluation. Furthermore, the engineering of nano-
materials requires further refinement to ensure their
appropriateness for clinical applications.

Targeted therapy

Targeted therapy, a cancer treatment modality that
employs drugs or other substances for the precise iden-
tification and eradication of cancer cells while spar-
ing normal cells, contrasts traditional chemotherapy
by specifically targeting molecular markers associated
with cancer. These markers encompass proteins, genes,
or elements of the tumor microenvironment that facili-
tate cancer proliferation and survival. Beyond previously

Nanoparticle Encapsulation Mechanism References
Cisplatin-loaded iron oxide [ron oxide Fe** and ROS overload [294]
Ferumoxytol Fe,0; Fe** and ROS overload [295]
RSL3@COF-Fc RSL3 Fenton reaction, GPX4 inhibition, and lipid peroxi- ~ [296]
dation
DS@MA-LS Doxorubicin and Sorafenib ROS overload and SLC7A11 inhibition 297
FaPEG-MNnMSN Sorafenib Fenton reaction and SLC7A11 inhibition 298
UCNP@LP(Azo-CA4) Azobenzene combretastatin A4 Fenton reaction 299

BNP@R
MnO,@HMCu,-xS
Erastin@FA-exo
HA-C60-Tf/AS

RSL3

Mn?*, rapamycin
Erastin
Artesunate

[297]
[298]
[299]
IFNG release and GPX4 inhibition [300]
[301]
(302]
[303]

GSH depletion and ROS overload 301
GSH depletion and ROS overload 302
Iron accumulation and GPX4 inhibition 303
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discussed immune checkpoint inhibitors, ferroptosis
plays a pivotal role in the realm of targeted therapy.

For instance, resistance to oxaliplatin in advanced
colorectal cancer cases has been attributed to elevated
expression of cyclin-dependent kinase 1 (CDK1), spurred
by deletions in N6-methyladenosine modification. Both
genetic and pharmacological interventions targeting
CDK1 have been shown to re-establish oxaliplatin sen-
sitivity in colorectal cancer cells [312]. Mechanistically,
CDK1 interacts directly with ACSL4, phosphorylating it
at Serine 447. This event recruits the E3 ubiquitin ligase
ubiquitin protein ligase E3 component N-recognin 5
(UBRS5), leading to the polyubiquitination of ACSL4 at
lysines 388, 498, and 690, culminating in ACSL4 deg-
radation. This degradation impedes lipid peroxidation
and consequently ferroptosis [312]. It is noteworthy that
while various inducers can activate ferroptosis, their spe-
cificities and direct targeting capabilities vary, as do the
intrinsic properties of the tumor determining the drugs’
effectiveness in eliciting a ferroptotic response. For
example, the overexpression of SLC7A11 in certain can-
cers can be targeted by sulfasalazine to induce ferroptosis
[313], whereas lapatinib, despite its ferroptotic induction
capability, does not directly target SLC7A11, potentially
limiting its effectiveness [314]. In addition, targeting
key enzymes in the transsulfuration pathway, such as
adenosylhomocysteinase (AHCY; also known as SAHH),
cystathionine p-synthase (CBS), and glycine N-methyl-
transferase (GNMT), can resensitize tumors to ferropto-
sis inducers targeting SLC7A11 [315-317]. In addition,
sorafenib, a frontline treatment for advanced hepatocel-
lular carcinoma, has demonstrated ferroptosis induction
capabilities in liver, kidney [318] and pancreas by inhib-
iting system xc™ activity [319]. However, the efficacy of
sorafenib is limited by acquired drug resistance associ-
ated with MT1G expression. Inhibition of MT1G expres-
sion enhances sorafenib’s anticancer activity through
ferroptosis induction in vitro and in vivo [320]. In a pilot
study involving patients with hepatocellular carcinoma
treated with sorafenib, MT1G has been identified as a
biomarker for predicting the development of resistance
to sorafenib treatment [321].

Another noteworthy instance of targeted therapy
associated with ferroptosis is imetelstat, a pioneer-
ing telomerase inhibitor that has demonstrated effec-
tiveness across various blood cancer types. A recent
study has elucidated imetelstat-induced ferroptosis
mediated by ACSL4 as a mechanism of action specifi-
cally in acute myeloid leukemia [322]. However, the
broader applicability of this ferroptotic effect to other
telomerase inhibitors remains uncertain and warrants
further investigation. Furthermore, imetelstat has
been observed to induce apoptosis in leukemia stem
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cells within pediatric acute myeloid leukemia patient-
derived xenografts [323], underscoring its potential
as a multifaceted therapeutic agent in acute myeloid
leukemia.

Synthetic lethality is defined within the molecular
biology domain as a phenomenon where the simulta-
neous inactivation of two genes results in cell death,
whereas inactivation of each gene individually does
not significantly impact cell viability. This concept has
been leveraged in the context of ferroptosis induction
as a therapeutic strategy against specific cancer types.
GPX4 inhibitors were identified through synthetic lethal
screens aimed at finding compounds selectively toxic
to cells harboring RAS mutations, illustrating the link
between synthetic lethality and ferroptosis [324]. Recent
studies have expanded the scope of synthetic lethality
approaches to include the induction or enhancement
of ferroptosis sensitivity. For instance, screenings have
shown that simultaneous targeting of bromodomain and
extra-terminal domain (BET) proteins and the protea-
some markedly induces ferroptotic cell death in triple-
negative breast cancer cells [325]. Furthermore, PARP
inhibitors have been shown to induce ferroptosis by
downregulating SLC7A11, acting synergistically with fer-
roptosis inducers in BRCA DNA repair associated (BRCA
)-proficient ovarian cancer models [326]. In contrast, a
recent study revealed that BRCAI-deficient breast can-
cer models display resistance to erastin-induced ferrop-
tosis but exhibit vulnerability to GPX4 inhibitor-induced
ferroptosis [327]. Targeting GPX4-mediated ferroptosis
defense mechanisms could potentially enhance the sensi-
tivity of PARP inhibitors [327]. Simultaneously targeting
CDK4/6 and BRD4 enhances the susceptibility of pancre-
atic and breast cancer cells to senescence and ferroptosis
[328]. The dual-targeting PI3K and histone deacetylase
(HDAC) inhibitor, BEBT-908, triggers ferroptosis and
boosts antigen presentation, thereby enhancing the anti-
tumor immune response in experimental cancer models
[329]. The transcription factor CCAAT-enhancer binding
protein alpha (CEBPA) plays a crucial role in both nor-
mal and leukemic cell differentiation. Moreover, CEBPA-
dependent expression of Fms related receptor tyrosine
kinase 3 (FLT3) renders acute myeloid leukemia cells
vulnerable to ferroptosis upon inhibition of FLT3 [330],
suggesting a therapeutic potential for targeting this path-
way in acute myeloid leukemia treatment. Furthermore,
research has identified mutations in various oncogenes
and tumor suppressor genes, such as RAS and TP53 [9,
331-334], aberrant embryonic developmental signals,
including the Wnt/B-catenin and Hippo signaling path-
ways [334-336], and specific gene variants such as the
androgen receptor [337], as factors that influence the sen-
sitivity of tumor cells to ferroptosis. This insight provides
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opportunities to develop targeted strategies that enhance
the effectiveness of therapies reliant on ferroptosis.

In summary, the role of ferroptosis in targeted ther-
apy represents a promising frontier in cancer treatment,
offering a novel mechanism to kill cancer cells through
iron-dependent lipid peroxidation. Ongoing research
into ferroptosis mechanisms, susceptibility factors, and
potential inhibitors or inducers continues to enrich our
understanding and application of this process in the con-
text of precision oncology.

Ferroptosis and ICD

ICD is a form of cell demise that triggers the adaptive
immune response against cancer cells. In contrast to
some cell death modalities that occur stealthily without
arousing immune surveillance, ICD entails the discharge
of specific molecules termed DAMPs from the dying
cells. DAMPs function as signaling molecules, alerting
the immune system and autophagy to the presence of cel-
lular damage or stress [338]. Although ferroptotic cancer
cells release certain DAMPs, the classification of ferrop-
tosis as a form of ICD remains contentious (Fig. 5). This
section will delve into the debated perspective concern-
ing ferroptosis’s association with ICD.

Supportive views

ICD is characterized by three hallmark features: (i) the
emission of ‘find me’ signals, which recruit immune cells
such as dendritic cells and macrophages to the damage
site, catalyzing the release of inflammatory mediators
and triggering an adaptive immune response; (ii) the
exposure of ‘eat me’ signals on the cell surface, enhancing
the immunogenic profile of the cell; and (iii) the secretion
of ‘danger alert’ signals through the release of DAMPs
[339]. When ferroptotic cancer cells fulfill these criteria,
they qualify as instigators of ICD.

DAMPs are endogenous molecules that can initiate
and perpetuate a non-infectious inflammatory response
in the absence of pathogenic infection [340]. DAMPs
are released by stressed, damaged, or dying cells and can
be recognized by pattern recognition receptors on cells
of the innate immune system, such as dendritic cells,
macrophages, and neutrophils. In the context of tumor
immunity, DAMPs, play a pivotal role in activating, dif-
ferentiating, and maturing antigen-presenting cells [341].
Key DAMPs include HMGB1, ATP, heat shock proteins
(HSP70 and HSP90), and DNA. Ferroptotic damage
in HT-1080 and PANC-1 cells has been demonstrated
to promote the release of HMGB1 through autophagy,
which in turn drives macrophage-mediated inflamma-
tory responses via the AGER receptor [342]. Similarly,
ferroptotic cancer cells, including HT-1080, PANC-1,
HeLa, and KPC lines, have been observed to release the
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proteoglycan decorin (DCN), which interacts with the
AGER receptor on macrophages [343]. This interaction
initiates the production of pro-inflammatory cytokines
and amplifies antitumor immunity through the activation
of the nuclear factor kappa B (NF-«B) signaling pathway
[343]. Intriguingly, the precedence of DCN release over
HMGBI suggests its potential as an early disease detec-
tion marker [343]. The administration of RSL3 in head
and neck squamous cell carcinoma xenograft models not
only diminishes suppressive immune cell populations
within the tumor microenvironment but also increases
the numbers of CD4" and CD8™ T cells. [344]. Further-
more, treatment with RSL3 for 1 h induced a notable
release of HMGB1 and ATP from ferroptotic MCA205
and GL261 cells, which facilitated the maturation of
dendritic cells and suppressed tumor growth in a vac-
cine tumor mouse model [284, 345]. Combined with the
evidence from non-tumor models demonstrating that
ferroptotic damage leads to sterile inflammation and
immune cell infiltration in various types of tissue dam-
age, ferroptosis is thereby identified as a form of ICD.

Non-supportive views

To elucidate the role of ferroptosis in initiating ICD, a
study employing an inducible ferroptosis model iden-
tified three distinct phases: an ‘initial’ phase marked by
lipid peroxidation, an ‘intermediate’ phase characterized
by ATP release, and a ‘terminal’ phase defined by HMGB1
release and loss of plasma membrane integrity [346].
These findings indicate that ferroptosis can circumvent
cancer cell resistance to death; however, its immunogenic
potential in a prophylactic vaccination model, specifically
using ML162-treated MCA205 cells for 14 h, appeared
limited [346]. This observation contrasts with previous
findings utilizing RSL3-treated MCA205 cells for 1 h
[284]. Additionally, while early-stage ferroptotic cancer
cells do release DAMPs, such release seems to inhibit
dendritic cell maturation and function. This inhibition
could result from incomplete ferroptosis in cancer cells
briefly treated with RSL3 and then injected into mice,
inducing an unclear response [346]. Another considera-
tion is the dual role of HMGBLI in tumor immunity, which
varies with its redox state: reduced HMGBI stimulates
the immune system, whereas oxidized HMGB1 may sup-
press it [347]. The conventional enzyme-linked immu-
nosorbent assay (ELISA) method for HMGB1 detection
does not differentiate between these redox states, raising
questions about the potential shift from a reduced to an
oxidized form over extended stimulation periods.

The immunogenic effect of DAMPs could be coun-
teracted by the expression of certain molecules during
ferroptosis, such as PTGS2, which facilitates PGE2 pro-
duction and consequently suppresses immune responses
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Fig. 5 Relationship between ferroptosis and immunogenic cell death. Ferroptotic cancer cells release damage-associated molecular patterns
(DAMPs), expose calreticulin (CRT), and demonstrate some level of immunogenicity, resembling a form of immunogenic cell death (ICD). However,
the challenges encountered in prophylactic vaccine trials and the observed immunosuppressive effects associated with increased PTGS2 and PGE2
expression, oxidized HMGB1, and phospholipid peroxidation during ferroptosis suggest that ferroptosis may not fully meet the criteria for being

classified as ICD

by inducing ferroptosis in CD8" T cells [51, 348, 349]. The
DAMPs’ release from ferroptotic cells, following plasma
membrane rupture due to lipid peroxidation, along with
possible oxidative byproducts or unknown immunosup-
pressive DAMPs, may further hinder immune cell matu-
ration and function [63, 350, 351].

The ongoing scientific discourse regarding whether
ferroptotic death elicits immunostimulation or immu-
nosuppression persists. These variances may stem from
discrepancies in experimental models and the diverse

oxidative environments influencing the activity of
DAMPs.

Pharmacological modulation of ferroptosis

Pharmacological modulation of ferroptosis presents
a promising therapeutic strategy for various diseases
associated with dysregulated ferroptosis. Numerous
clinical drugs and biologically active pharmacological
agents have been identified as modulators, both inducers
(Table 2) and inhibitors (Table 3), of ferroptosis. In this
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Table 2 Examples of ferroptosis inducers
Inducers Target Function References
Sulfasalazine SLC7AN Inhibit cystine uptake [183]
Cisplatin GSH Induce lipid peroxidation [352]
Dihydroartemisinin, artesunnate Ferritin Increase iron overload [353]
Statins HMGCR, GPX4 Block GPX4 production [40]
Gefitinib ROS Induce lipid peroxidation [354]
Zalcitabine Mitochondrial DNA stress  Induce STING1-mediated autophagy [355]
Sorafenib SLC7A11 Inhibit cystine uptake [320]
Lapatinib, siramesine Fe Increase iron overload [356]
Haloperidol Dopamine receptor D2 Induce ER stress-dependent autophagy [357]
Paclitaxel TP53, SLC7A11 Inhibit cystine uptake and induce iron overload [358]
Altretamine GPX4 Inhibit GPX4 activity [359]
Brefeldin A Golgi Induce Golgi stress [360]
Buthionine sulfoximine (BSO) GCL Inhibit GSH produciton [183]
Doxorubicin HMOX1 Increase iron overload [226]
Salinomycin Ferritin Induce ferritinophagy [258]
Erastin System xc~ Inhibit cystine uptake [9]
FIN56 GPX4 Induce GPX4 degradation and inhibit the mevalonate path- [40]

way
FINO2 Fe Increase iron overload and induce GPX4 degradation [361]
iFSP1 AIFM2 Inhibit AIFM2 [107]
ML162, ML210, RSL3, diacylfuroxans, BCP-T A GPX4 Inhibit GPX4 activity [97,362,363]
dGPX4, DC2, 8e GPX4 Induce PROTAC-dependent GPX4 degradation [364-366]
N6F11 GPX4 Induce TRIM25-dependent GPX4 degradation [287]
Imidazole ketone erastin (IKE) SLC7A11 Inhibit cystine uptake [367]
FSEN1 AlFM2 Inhibit AIFM2 [368]
Metformin SLC7A11 Inhibit UFMylation of SLC7A11 [369]
Rapamycin GPX4 Induce autophagy-dependent GPX4 degradation [98]
Dimethyl fumarate ALOXS5, STAT3 Induce ALOX5-dependent lipid peroxidation [370]
[taconic acid Ferritin Induce ferritinophagy [260]
BAY 87-2243 Mitochondrial complex | Induce mitochondrial-dependent ROS elevation [371]
MMRi62 Ferritin Induce ferritinophagy [372]
NC-R17 GPX4 Induce proteasomal degradation of GPX4 via PROTAC [373]

context, we provide a summary of classical modulators
targeting the core pathway of ferroptosis.

Inducers

(1)

Inhibition of systems xc™. In the pursuit of a syn-
thetic lethal agent targeting KRAS-mutated human
foreskin fibroblasts (BJeLR) cells, the ferropto-
sis inducer erastin was initially reported in 2003
[391]. Erastin functions by depleting GSH primarily
through inhibition of the system xc~, which serves
as a cofactor in the synthesis of GPX4 [9]. Erastin
exhibits poor metabolic stability and water solubil-
ity in vivo; however, its analogs such as piperazine
erastin and IKE have been developed to mitigate

these limitations [392]. Additionally, erastin can
inhibit VDAC2 and VDACS3, thereby promoting
the accumulation of endogenous ROS [388]. Sev-
eral FDA-approved drugs, such as sorafenib [393],
sulfasalazine [313], metformin [369], and acetami-
nophen [167], also induce ferroptosis in several can-
cer and non-cancer cells by inhibiting system xc™.
However, it is noteworthy that one study suggested
sorafenib may lack activity in inhibiting system xc~
to induce ferroptosis in certain cancer cells (e.g.,
HT-1080, A375, A549, HT29, MDA-MB-436, and
Hep G2) [394]. Furthermore, sensitivity to ferrop-
tosis is increased by inhibiting glutamate-cysteine
ligase catalytic subunit (GCLC), the rate-limiting
enzyme in GSH synthesis, using compounds such
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Table 3 Examples of ferroptosis inhibitors
Class Name References

ACSL4 inhibitor

ALOX inhibitor

DPP4 inhibitor

Iron chelator

Lipid peroxidation inhibitor

Lysosome and autophagy inhibitor

Mitochondrial ROS inhibitor
NOX inhibitor
Broad-spectrum antioxidant

FDFT1 inhibitor
STINGT1 inhibitor
CTSB inhibitor

Triacsin C, troglitazone, rosiglitazone

Vildagliptin, alogliptin, linagliptin

liproxstatin-1

and CoQ,,

Zaragozic acid A, YM-53,601
H-151

CA-074Me

Zileuton, MK886, PD146176, baicalein, LOXBlock-1

Deferoxamine (DFO), 2,2-bipyridyl, ciclopirox olamine (CPX), deferiprone, pioglitazone
Ferrostatins (e.g,, ferrostatin-1, SRS11-92, SRS12-45, SRS13-35, SRS13-37, and SRS16-86),

Ammonium chloride, bafilomycin A1, chloroquine, wortmannin, 3-methyladenine, crypto-
tanshinone, CA-074Me, pepstatin A, E64

XJB-5-131, JP4-039, mitoTEMPO, MitoQ
2-acetylphenothiazine, diphenyleneiodonium chloride (DPI)
Vitamin E, vitamin K, n-acetylcysteine (NAC), butylated hydroxyltoluene (BHT), GSH

[374-376]
[33,42,45,377,378]
[30, 360]

[9, 324,379, 380]

[9, 45]

[381-385]

[226, 386, 387]
[9,30]
[9,108, 388-390]

as buthionine sulfoximine (BSO). It’s worth noting
that SLC7A11 inhibition-induced GSH depletion or
lipid peroxidation under specific conditions doesn’t
necessarily indicate the occurrence of ferroptosis.
Moreover, genetic or pharmacological inhibition of
SLC7A11 can trigger cell death that is not revers-
ible by ferrostatin-1 [104, 395]. Possible explana-
tions include the varying unknown off-target effects
of different SLC7A11 inhibitors, which may induce
non-ferroptotic cell death. Additionally, SLC7A11
plays a broad role in amino acid uptake, extend-
ing beyond cysteine alone. Moreover, cell density is
another important factor influencing erastin’s effect
[336].

Inhibition of GPX4. There are three approaches
to inhibit the GPX4 pathway and induce ferrop-
tosis. Covalent inhibitor: The first GPX4 inhibi-
tors obtained through high-throughput screen-
ing include RSL3 and ML162 [97]. ML162 shares
structural and biological properties with RSL3 but
exhibits improved activity. These covalent inhibi-
tors induce ferroptosis by binding to the seleno-
cysteine residue Sec46, although they lack a drug-
like pocket, leading to issues with low selectivity
and poor pharmacokinetic properties that require
optimization [396]. Recent studies using co-crystal
structure assays combined with mutation assays in
HT-1080 fibrosarcoma cells, suggest that the region
around Cys66 also serves as a covalent binding site
for RSL3 and ML162 on GPX4, indicating they have
multiple binding sites on GPX4 [93]. Another cova-
lent inhibitor operates within the intracellular sys-
tem without direct binding ability to GPX4 in cell-

3)

free systems. These GPX4 inhibitors include nitrile
oxide electrophilic inhibitors (e.g., ML210 [362] and
diacylfuroxans [363]) and hetero-aromatic elec-
trophilic inhibitors (e.g., BCP-T.A [397]), offering
improved physicochemical and pharmacological
properties. PROTAC degraders: Proteolysis-target-
ing chimeras (PROTACS) are small molecule com-
pounds engineered to degrade specific target pro-
teins within cells via the UPS. They consist of three
components: a “warhead” binding to the protein of
interest, an E3 ubiquitin ligase-recruiting ligand,
and a chemical linker connecting them. Examples
of GPX4-PROTAC degraders include dGPX4 [364],
DC2 [365], and 8e [366], which utilize ML162,
ML210, and RSL3 as warheads. Cell type-specific
degraders: While covalent inhibitors and PRO-
TAC degraders hold promise for inhibiting tumor
growth, they may affect both cancerous and normal
cells due to the widespread expression of GPX4.
In contrast, as discussed above, N6F11 represents
the first cell type-dependent ferroptosis inducer by
selectively degrading GPX4 in cancer cells through
the action of TRIM25, exhibiting efficacy and safety
simultaneously [287].

Depletion of CoQ;,. CIL56 and FIN56 induce fer-
roptosis potentially by activating rate-limiting
enzymes of the cholesterol synthesis pathway,
such as farnesyl-diphosphate farnesyltransferase 1
(FDFT1), and by depleting CoQ);, to promote GPX4
degradation; however, the precise mechanisms
require further elucidation [40]. These observations
indicate that fatty acid synthesis and the meva-
lonate pathway regulate susceptibility to ferroptosis
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through distinct mechanisms. Consequently, cer-
tain clinical anti-lipid drugs, such as statins, induce
ferroptosis by inhibiting the rate-limiting enzyme of
the mevalonate pathway, 3-hydroxy-3-methylglu-
taryl-CoA reductase (HMGCR), resulting in CoQ,
depletion [398]. Another key pathway parallel to
GPX4 is the AIFM2-CoQ,, axis, and ferroptosis
sensitizer 1 (FSEN1) can noncompetitively target
AIFM2 to sensitize cancer cells to ferroptosis [368].
Nevertheless, the in vivo efficacy of AIFM2 inhibi-
tors requires optimization. Conversely, icFSP1, a
potent AIFM2 inhibitor, selectively induces ferrop-
tosis via phase separation in GPX4 knockdown Pfal
and HT-1080 cells overexpressing AIFM2 [110].
Induction of iron overload and peroxides accumu-
lation. Compounds that promote iron overload or
induce lipid peroxidation play crucial roles as fer-
roptosis inducers. For instance, excessive nonheme
iron accumulation can trigger ferroptosis in vari-
ous cell types and tissues, including mouse cardio-
myocytes [226], hepatocytes [399], bone marrow
macrophages and organotypic hippocampal slice
cultures [400, 401]. Additionally, FINO2, an organic
peroxide featuring a 1,2-dioxolane skeleton, exerts a
dual mechanism for inducing ferroptosis by directly
promoting iron oxidation or indirectly inhibit-
ing GPX4 activity [361]. Furthermore, artemisinin
and its derivatives (such as dihydroartemisinin and
artesunate) are capable of effectively inducing fer-
roptotic cell death in cancer cells [353].

Inhibitors

1)

Iron chelators. Iron chelators function by seques-
tering iron ions within cellular or tissue compart-
ments, thereby diminishing their availability for a
diverse array of biochemical pathways. Deferoxam-
ine, deferiprone, and cyclipirox are esteemed exam-
ples of iron chelators recognized for their efficacy in
mitigating ferroptosis [9, 402]. While iron chelators
have shown promise in preclinical studies for fer-
roptosis inhibition, translating these findings into
clinically viable therapies poses challenges. In addi-
tion, iron chelators may bind to other metal ions
besides iron, leading to off-target effects and poten-
tial toxicity. Ensuring specificity for iron is crucial
to minimize adverse effects.

Radical-trapping antioxidants. Radical-trapping
antioxidants play a crucial role in capturing and
stabilizing free radicals through electron dona-
tion or hydrogen atom transfer mechanisms. This
process effectively converts free radicals into sta-
ble molecules, thereby interrupting the propaga-

3)
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tion of oxidative chain reactions. Notable exam-
ples of radical-trapping antioxidants known to
inhibit ferroptosis include a-tocopherol (vitamin
E), GSH, CoQ,,, flavonoids, carotenoids (such as
[-carotene), polyphenols (such as resveratrol),
liproxstatin-1, and ferrostatin-1 [9, 33, 45]. Among
these, liproxstatin-1 and ferrostatin-1 are widely
utilized radical-trapping antioxidants for ferrop-
tosis inhibition across various experimental mod-
els. Liproxstatin-1, specifically, has demonstrated
potent anti-ferroptotic effects at nanomolar con-
centrations in intestinal, cardiac, and murine mod-
els of ischemia—reperfusion injury [374, 403]. Fer-
rostatin-1 functions by preventing lipid membrane
damage through a reductive mechanism, albeit it
exhibits metabolic instability and is predominantly
used in in vitro experimental settings. Structural
studies on ferrostatin-1 have highlighted the impor-
tance of primary aromatic amines in its ability to
inhibit ferroptosis. Additionally, 7-dehydrocholes-
terol, a precursor of cholesterol, has emerged as an
endogenous radical-trapping antioxidant capable
of suppressing ferroptosis in various cancer cell
lines and mitigating ischemia—reperfusion injury
in kidneys. Similarly, two tryptophan metabolites,
serotonin and 3-hydroxy-o-cyclohexanecarboxylic
acid, function as radical-trapping antioxidants to
mitigate lipid peroxidation, consequently inhibiting
ferroptosis in numerous cancer cell lines [174]. The
role of serotonin as an endogenous antioxidant in
ferroptosis relies on solute carrier family 6 member
4 (SLC6A4) transport across the plasma membrane.
This has been validated in K562 chronic myeloge-
nous leukemia cells through CRISPR interference/
activation screening, suggesting that lipid perox-
ides contributing to ferroptosis may be situated at
intracellular membranes [404]. Furthermore, in
addition to radical-trapping antioxidants, several
natural or synthetic antioxidants, such as acetyl-
cysteine (N-acetylcysteine) [49] and the mitochon-
drial antioxidant mito-TEMPO [405], demonstrate
the capacity to inhibit ferroptosis under specific
conditions. Nevertheless, there persists a neces-
sity for systematic comparisons evaluating the effi-
cacy of endogenous versus exogenous antioxidants
against ferroptosis. The clarification is also needed
on whether all forms of cell death inhibited by rad-
ical-trapping antioxidants correspond to instances
of ferroptosis.

Enzyme inhibitors. ACSL4-mediated CoA link-
age to PUFAs, such as arachidonic acid, adrenic
acid, and eicosapentaenoic acid, serves as an initial
step in the cascade that triggers ferroptosis, sub-
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sequently leading to the activation of membrane
lipid peroxidation facilitated by enzymes includ-
ing LPCAT3, POR, or ALOXs [35]. Consequently,
inhibitors targeting ACSL4 (e.g., troglitazone,
rosiglitazone, and triacsin C) or ALOXs (e.g., bai-
calein, PD146176, zileuton, AA-861, and ML351)
demonstrate efficacy in suppressing ferroptosis.
Noteworthy is the role of arachidonic acid as a
substrate for ACSL4, which can feedback-enhance
the ubiquitinated degradation of ACSL4, suggest-
ing the involvement of non-ACSL4-dependent
compensatory pathways in promoting ferroptosis
[406, 407]. Conversely, SCD-dependent synthesis
of MUFAs exerts an inhibitory effect on ferroptosis,
hence inhibition of SCD, exemplified by A939572,
enhances sensitivity to ferroptosis [53]. Further-
more, selenium acts synergistically with GPX4,
increasing its abundance and augmenting the scav-
enging of lipid peroxidation [408].

Biomarkers of ferroptosis

While certain distinctive biochemical characteristics,
genetic alterations, and changes in cellular morphol-
ogy differentiate ferroptosis from other forms of RCDs
[9], effectively monitoring ongoing ferroptosis in vivo
or identifying cells sensitive to ferroptosis holds signifi-
cant promise. The accumulation of excessive lipid per-
oxides emerges as a fundamental event of ferroptosis.
Specific markers of ferroptosis, such as oxidized PUFA-
phospholipids or their derivatives, along with oxidation
products such as 4HNE, 8-hydroxy-2’-deoxyguanosine
(8-OHdG), and malondialdehyde, have been proposed
[202, 367, 409]. However, the challenge lies in discerning
the threshold at which ferroptosis occurs in vivo, given
that these substances can also be generated under physi-
ological conditions [410].

Furthermore, proteins such as extracellular DCN
released by ferroptosis-prone PDAC cells and TFRC
accumulation on the plasma membrane have been iden-
tified [343, 411]. Yet, limitations including timing of
detection, cellular variances, predominant initiation

Table 4 Examples of ferroptosis biomarkers
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mechanisms, and other factors may impede their utility
(Table 4).

Recently, hyperoxidized peroxiredoxin 3 (PRDX3) has
emerged as a ferroptosis-specific marker [418]. Hyper-
oxidized PRDX3 is observable in cells treated with fer-
roptosis inducers such as erastin, RSL3, or FIN56,
distinguishing it from other RCDs, such as apoptosis or
necroptosis [418]. Its use as a marker has shed light on
ferroptosis as the causative mechanism of hepatocyte
death in alcoholic and non-alcoholic fatty liver disease in
mice. However, its prevalence in human tissue samples,
particularly tumor samples, remains uncertain.

While GSH and GPX4 play roles in regulating various
forms of cell death, they are commonly employed for
ferroptosis monitoring. Traditional methods have relied
on Western blotting for GPX4 protein expression analy-
sis and kits for total GSH quantification, both of which
require cell inactivation. However, accurately targeting
cancer cells requires real-time monitoring of GPX4 and
organelle-specific GSH levels in living cells. The applica-
tion of the fluorescent probe QP1TF allows non-invasive,
continuous assessment of GPX4 distribution and abun-
dance in live HEK293, HT1080, CT26, HeLa, and SKOV3
cells. This approach aids in predicting the susceptibility
of tumor cells to ferroptosis-inducing drugs targeting
GPX4, such as altretamine and sorafenib [419]. Similarly,
a study utilizing an in silico rhodamine GSH reversible
probe, binding to Halo Tag proteins, demonstrated the
activation of GSH probes specifically within the nucleus,
influencing cell proliferation independently. This innova-
tive method of organelle-specific detection holds prom-
ise for inspiring the development of similar detectors for
various cellular components [420].

In summary, biomarkers serve as critical instruments
in ferroptosis research, offering insights into disease
mechanisms, prognosis, treatment response, and drug
development. While discussed biomarkers hold poten-
tial for monitoring ferroptosis, comprehensive studies are
warranted to discern lipid, genetic, and protein changes
specific to ferroptosis in comparison to other forms of
cell death.

Name Property Model References
4HNE Oxidation product Broad-spectrum cell lines, in vivo model [19,409, 412, 413]
MDA Oxidation product Broad-spectrum cell lines, in vivo model [53,390,414,415]
80HdG Oxidation product Broad-spectrum cell lines, in vivo model [170,416,417]
DCN Protein T-1080, PANC-1, Bx-PC3 and NCI-H460 cell lines, in vivo model [343]

TFRC Protein HT-1080 cell line, in vivo model [411]

PRDX3 Protein HT-1080, A549, Huh7, HT29 and SV589 cell lines, mouse models of AFLD [418]

and MASLD
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Crosstalk between ferroptosis and other RCD
pathways

Ferroptosis also engages in crosstalk with other RCDs
via specific molecular pathways (Fig. 6). For instance, the
BRCA1/BRCA2-containing complex subunit 3 (BRCC3;
also known as BRCC36) deubiquitinates HMGCR, a
process dependent on deubiquitinating enzyme (DUB)
activity, thereby inhibiting ferroptosis in human hepato-
cellular carcinoma cells while promoting cellular pyrop-
tosis [421]. This antagonistic effect is contingent upon
the concentration and type of inducers, regulating the
organelle localization of HMGCR, suggesting either
an off-target effect or involvement of other molecu-
lar players. Conversely, the release of DAMPs from fer-
roptotic cancer cells induces ICD and promotes cell
demise. Additionally, ferroptosis and apoptosis inter-
sect via shared regulatory factors and pathways. For
example, TP53, a pivotal gene mediating autophagy and
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apoptosis [422], induces ferroptosis rather than apop-
tosis in response to oxidative stress, mediated by its
acetylated mutant TP53(3KR), which suppresses the
expression of SLC7A11 in mouse embryonic fibroblasts
and human U20S cells [331]. Moreover, F-box and
WD repeat domain containing 7 (FBW7) inhibits SCD
expression through the suppression of nuclear receptor
4 subfamily A group 1 (NR4A1l), concurrently regulat-
ing apoptosis and ferroptosis in human pancreatic cancer
cells (PANC1 and SW1990) [423]. However, FBW7 may
exhibit either an anti- or pro-ferroptotic effect depend-
ing on downstream substrates and cellular contexts [424].
Several members of the BCL2 family, crucial regulators
of apoptosis sensitivity, are also implicated in regulating
ferroptosis. For instance, in vitro studies have demon-
strated that a Bruton’s tyrosine kinase inhibitor, zanubru-
tinib, synergistically enhances the anti-tumor effects of
a BCL2 apoptosis regulator (BCL2) inhibitor, navitoclax
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Fig. 6 Crosstalk between ferroptosis and other RCD pathways. Many proteins or mental ions are multifunctional, tandem with ferroptosis
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[425]. This synergy is attributed to increased apopto-
sis and ferroptosis induced by preferential ROS genera-
tion, particularly effective in double-hit lymphoma [425].
Moreover, erastin-induced ferroptosis in neuronal cells
was concomitant with BH3 interacting domain death
agonist (BID) transactivation to mitochondria, resulting
in mitochondrial membrane potential loss, augmented
mitochondrial fragmentation, and diminished ATP lev-
els [426]. These observations indicate the involvement of
mitochondria in linking ferroptosis and apoptosis, with
decreased mitochondrial membrane potential serving
as a shared signal in these cell death pathways. However,
distinguishing caspase-independent apoptosis from fer-
roptosis remains a challenge. In kidney damage models,
the induction of ferroptosis and necroptosis is commonly
observed [427, 428]. This suggests that specifically target-
ing these two pathways could be effective in preventing
kidney damage.

Ferroptosis is also an autophagy-dependent form of cell
death [429, 430], where increased autophagic flux pro-
motes ferroptosis by selectively degrading antiferroptotic
proteins or organelles, such as ferritin, SLC40A, and lipid
droplets [77, 202, 367, 431-436]. In addition, lysosomal
membrane permeabilization mediated by signal trans-
ducer and activator of transcription 3 (STAT3) induces
CTSB expression, thus facilitating ferroptosis [181, 381].
CTSB and STAT3 also participate in regulating alkalip-
tosis in human pancreatic ductal adenocarcinoma cells,
suggesting potential interaction between ferroptosis and
alkaliptosis through STAT3 or pH-dependent mecha-
nisms [437]. Cyclophosphamide, an alkylating agent used
in chemotherapy, triggers the degradation of GPX4 in
leukemia cells. This degradation ultimately leads to par-
thanatos through the activation of apoptosis inducing
factor mitochondria associated 1 (AIFM1) [438]. Addi-
tionally, excess copper induces cuproptosis by promot-
ing abnormal oligomerization of lipoylated proteins in
the tricarboxylic acid cycle, along with reducing levels of
Fe-S cluster proteins, with ferredoxin 1 (FDX1) playing a
pivotal role in regulating cuproptosis [439]. Copper also
triggers GPX4 ubiquitination and the formation of GPX4
aggregates, leading to autophagy-dependent ferropto-
sis [440, 441]. Conversely, sorafenib and erastin enhance
cuproptosis in primary hepatocellular carcinoma by pro-
moting copper-dependent aggregation of lipoylated pro-
teins [442]. These findings highlight the potential role of
metal ions as key mediators of specific cell death path-
ways, dependent on inter-organelle communication.

Collectively, these results demonstrate the interactions
between different forms of RCD, collectively determin-
ing cellular fate under specific conditions. Understand-
ing the mechanisms governing the balance between RCD
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pathways is essential for deciphering the perpetual battle
between cell survival and demise.

Conclusions and outlooks

Ferroptosis, characterized by iron-dependent lipid per-
oxidation, represents a distinct form of RCD that has
captured the interest of researchers due to its unique
mechanisms and biological significance. The discovery of
ferroptosis has not only expanded our understanding of
cell death pathways but has also opened new avenues for
therapeutic intervention, particularly in diseases where
dysregulated cell death is prominent, such as cancer and
neurodegenerative disorders. Researchers are actively
exploring pharmacological and genetic strategies to mod-
ulate ferroptosis for therapeutic benefit.

Despite its promise, ferroptosis research faces several
challenges that hinder our ability to fully understand and
manipulate this cell death pathway. Accurately delineat-
ing the complex molecular mechanisms governing fer-
roptosis initiation, propagation, and regulation poses
a significant challenge, as does identifying reliable bio-
markers specific to ferroptosis, particularly in vivo. Dis-
criminating ferroptosis from other forms of RCD and
deciphering its role in various physiological and patho-
logical conditions also present considerable hurdles.
Although lipid peroxidation is considered a central event
driving ferroptosis, it is also implicated in other forms of
RCD. It also remains unclear how traditional chemother-
apy or radiation therapy induce apoptosis, while now also
potentially triggering ferroptosis. The ferroptosis inducer
and inhibitor exhibit varying activities across different
disease models, suggesting that the underlying mecha-
nisms may differ. Additionally, translating basic research
findings into clinically relevant therapeutic strategies
requires overcoming barriers related to drug delivery,
specificity, and potential off-target effects.

In the future, ferroptosis research is poised to advance
along several promising directions. Key focuses include
elucidating the precise molecular mechanisms and regu-
latory networks governing ferroptosis across diverse cel-
lular contexts and disease states. This involves further
exploration of the interplay between iron metabolism,
lipid peroxidation, antioxidant defenses, and signaling
pathways implicated in ferroptotic cell death. Efforts will
also continue to identify and validate novel biomark-
ers specific to ferroptosis for diagnostic and therapeutic
purposes. Moreover, research will increasingly explore
the therapeutic potential of targeting ferroptosis in vari-
ous diseases, leveraging cutting-edge technologies to
discover new ferroptosis modulators and enable preci-
sion medicine approaches tailored to individual patient
profiles.
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Specifically, several critical areas warrant attention.
Firstly, understanding the causal relationship between
ferroptosis and disease at the genetic level in clinical
settings is challenging. Standardized animal models are
necessary to enhance our understanding of ferropto-
sis biology, particularly regarding potential side effects
and drug resistance associated with different dosing
regimens.

Secondly, enhancing the bioavailability and targeting
of ferroptosis inducers is crucial for clinical dissemi-
nation. Strategies, such as PROTACs and lysosomal-
targeted chimaeras, hold promise in this regard [443].
Shifting the focus of targeting from complete ablation
of GPX4 to other ferroptosis-regulating complexes with
fewer side effects could be beneficial.

Thirdly, integrating patient data to pinpoint individu-
als who would benefit most from ferroptosis therapy
is essential. Analyzing genomic differentiation among
patients requires careful consideration of ethnographic
differences and errors due to sample size.

Fourthly, promising applications of ferroptosis in dif-
ferent diseases, particularly cancer, are emerging. Com-
bining different strategies, such as dietary interventions,
can significantly improve treatment outcomes with fewer
side effects. Future comprehensive safety assessments of
combining ferroptosis with dietary interventions hold
promise for cancer treatment [100, 277, 444].

Fifthly, developing cell-specific precision-targeted
inducers of ferroptosis remains challenging. Strategi-
cally targeting immune cells and cancer cells for drug
development, leveraging variances in PUFA-PL con-
tent, proves to be a promising approach [445].

Finally, despite a growing number of drugs inducing
ferroptosis in cancer cells, distinguishing ferroptosis
from other RCD remains crucial. Numerous antican-
cer agents have the potential to trigger a mixed type of
cell death. Changes in specific proteins or biochemical
indicators alone are insufficient to classify cell death
as ferroptosis. Comprehensive assessments, including
multidimensional analyses utilizing single-cell genom-
ics, spatial transcriptomics, proteomics, and metabo-
lomics, are needed for effective classification.

Overall, interdisciplinary collaboration, technologi-
cal innovation, and a deeper understanding of ferrop-
tosis biology will drive the field forward, offering new
insights into disease pathogenesis and potential ave-
nues for therapeutic intervention.

Author contributions
All authors wrote, revised, and approved the manuscript.

Data availability
No datasets were generated or analysed during the current study.

Page 31 of 41

Declarations

Competing interests
The authors declare that they have no competing interests.

Received: 8 April 2024 Accepted: 2 June 2024
Published online: 06 June 2024

References

1. Clarke PG, Clarke S. Nineteenth century research on naturally
occurring cell death and related phenomena. Anat Embryol (Berl).
1996;193(2):81-99.

2. Kerr JF, Wyllie AH, Currie AR. Apoptosis: a basic biological phenom-
enon with wide-ranging implications in tissue kinetics. Br J Cancer.
1972;26(4):239-57.

3. Galluzzi L, Vitale |, Aaronson SA, Abrams JM, Adam D, Agostinis P,
et al. Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ.
2018;25(3):486-541.

4. Yuan J, Ofengeim D. A guide to cell death pathways. Nat Rev Mol Cell
Biol. 2023;25:379-95.

5. Tang D, Kang R, Berghe TV, Vandenabeele P, Kroemer G. The molecular
machinery of regulated cell death. Cell Res. 2019;29(5):347-64.

6. Leonard TA, Loose M, Martens S. The membrane surface as a plat-
form that organizes cellular and biochemical processes. Dev Cell.
2023;58(15):1315-32.

7. Sezgin E, Levental |, Mayor S, Eggeling C. The mystery of membrane
organization: composition, regulation and roles of lipid rafts. Nat Rev
Mol Cell Biol. 2017;18(6):361-74.

8. XieY,HouW, Song X, YuY, Huang J, Sun X, et al. Ferroptosis: process and
function. Cell Death Differ. 2016;23(3):369-79.

9. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason
CE, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell. 2012;149(5):1060-72.

10. DaiE, Chen X, Linkermann A, Jiang X, Kang R, Kagan VE, et al. A guide-
line on the molecular ecosystem regulating ferroptosis. Nat Cell Biol.
2024. https://doi.org/10.1038/541556-024-01360-8.

11.  Stockwell BR. Ferroptosis turns 10: Emerging mechanisms, physiological
functions, and therapeutic applications. Cell. 2022;185(14):2401-21.

12. Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms
and health implications. Cell Res. 2021;31(2):107-25.

13. Lin Z Liu J,Kang R, Yang M, Tang D. Lipid metabolism in ferroptosis. Adv
Biol (Weinh). 2021,5(8):e2100396.

14. Singhal R, Mitta SR, Das NK, Kerk SA, Sajjakulnukit P, Solanki S, et al.
HIF-2a activation potentiates oxidative cell death in colorectal cancers
by increasing cellular iron. J Clin Invest. 2021;131(12).

15. Liu C, Miyajima T, Melangath G, Miyai T, Vasanth S, Deshpande N, et al.
Ultraviolet A light induces DNA damage and estrogen-DNA adducts
in Fuchs endothelial corneal dystrophy causing females to be more
affected. Proc Natl Acad Sci U S A. 2020;117(1):573-83.

16. Rodriguez-Vargas JM, Ruiz-Magana MJ, Ruiz-Ruiz C, Majuelos-Melguizo
J, Peralta-Leal A, Rodriguez M|, et al. ROS-induced DNA damage and
PARP-1 are required for optimal induction of starvation-induced
autophagy. Cell Res. 2012;22(7):1181-98.

17. Gao M,YiJ, Zhu J, Minikes AM, Monian P, Thompson CB, et al. Role of
mitochondria in ferroptosis. Mol Cell. 2019;73(2):354-63.

18. Shen Z LiuT, LiY, Lau J, Yang Z, Fan W, et al. Fenton-reaction-accelerat-
able magnetic nanoparticles for ferroptosis therapy of orthotopic brain
tumors. ACS Nano. 2018;12(11):11355-65.

19. Chen X, Huang J, Yu C, Liu J, Gao W, Li J, et al. A noncanonical function
of EIF4E limits ALDH1B1 activity and increases susceptibility to ferropto-
sis. Nat Commun. 2022;13(1):6318.

20. Yan B, AiY,Sun Q MaY, Cao Y, Wang J, et al. Membrane damage during
ferroptosis is caused by oxidation of phospholipids catalyzed by the
oxidoreductases POR and CYB5R1. Mol Cell. 2021:81(2):355-69.


https://doi.org/10.1038/s41556-024-01360-8

Chen et al. Journal of Hematology & Oncology

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2024) 17:41

Zou'Y, Li H, Graham ET, Deik AA, Eaton JK, Wang W, et al. Cytochrome
P450 oxidoreductase contributes to phospholipid peroxidation in fer-
roptosis. Nat Chem Biol. 2020;16(3):302-9.

Chen X, Li J, Kang R, Klionsky DJ, Tang D. Ferroptosis: machinery and
regulation. Autophagy. 2021;17(9):2054-81.

Qiu B, Zandkarimi F, Bezjian CT, Reznik E, Soni RK, Gu W, et al. Phospho-
lipids with two polyunsaturated fatty acyl tails promote ferroptosis. Cell.
2024;187(5):1177-90.

Takashi Y, Tomita K, Kuwahara Y, Roudkenar MH, Roushandeh AM,
Igarashi K, et al. Mitochondrial dysfunction promotes aquaporin expres-
sion that controls hydrogen peroxide permeability and ferroptosis. Free
Radic Biol Med. 2020;161:60-70.

Chipuk JE, Mohammed JN, Gelles JD, Chen Y. Mechanistic connections
between mitochondrial biology and regulated cell death. Dev Cell.
2021,56(9):1221-33.

Graf E, Mahoney JR, Bryant RG, Eaton JW. Iron-catalyzed hydroxyl radical
formation. Stringent requirement for free iron coordination site. J Biol
Chem. 1984,259(6):3620-4.

Zhang DD. Ironing out the details of ferroptosis. Nat Cell Biol. 2024.
https://doi.org/10.1038/541556-024-01361-7.

Bi G, Liang J, Bian Y, Shan G, Huang Y, Lu T, et al. Polyamine-mediated
ferroptosis amplification acts as a targetable vulnerability in cancer. Nat
Commun. 2024;15(1):2461.

Pircalabioru G, Aviello G, Kubica M, Zhdanov A, Paclet MH, Brennan L,
et al. Defensive mutualism rescues NADPH oxidase inactivation in gut
infection. Cell Host Microbe. 2016;19(5):651-63.

XieY, Zhu'S, Song X, Sun X, Fan'Y, Liu J, et al. The tumor suppres-

sor p53 limits ferroptosis by blocking DPP4 activity. Cell Rep.
2017,20(7):1692-704.

Yang WH, Huang Z, Wu J, Ding CC, Murphy SK, Chi JT. ATAZ-ANGPTL4-
NOX2 axis regulates ferroptotic cell death and chemoresistance in
epithelial ovarian cancer. Mol Cancer Res. 2020;18(1):79-90.

Yuan H, Li X, Zhang X, Kang R, Tang D. Identification of ACSL4 as a bio-
marker and contributor of ferroptosis. Biochem Biophys Res Commun.
2016;478(3):1338-43.

Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et al. Oxidized ara-
chidonic and adrenic PEs navigate cells to ferroptosis. Nat Chem Biol.
2017;13(1):81-90.

Doll S, Proneth B, Tyurina YY, Panzilius E, Kobayashi S, Ingold |, et al.
ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composi-
tion. Nat Chem Biol. 2017;13(1):91-8.

Chen F, Kang R, Liu J, Tang D. The ACSL4 network regulates cell death
and autophagy in diseases. Biology (Basel). 2023;12(6):864.

Dixon SJ, Winter GE, Musavi LS, Lee ED, Snijder B, Rebsamen M, et al.
Human haploid cell genetics reveals roles for lipid metabolism genes in
nonapoptotic cell death. ACS Chem Biol. 2015;10(7):1604-9.

Lin Z, Liu J, Long F, Kang R, Kroemer G, Tang D, et al. The lipid flippase
SLC47A1 blocks metabolic vulnerability to ferroptosis. Nat Commun.
2022;13(1):7965.

Phadnis WV, Snider J, Varadharajan V, Ramachandiran |, Deik AA, Lai

ZW, et al. MMD collaborates with ACSL4 and MBOAT7 to promote
polyunsaturated phosphatidylinositol remodeling and susceptibility to
ferroptosis. Cell Rep. 2023;42(9):113023.

Li Z, HuY, Zheng H, Li M, Liu Y, Feng R, et al. LPCAT1-mediated mem-
brane phospholipid remodelling promotes ferroptosis evasion and
tumour growth. Nat Cell Biol. 2024;26(5):811-24.

Shimada K, Skouta R, Kaplan A, Yang WS, Hayano M, Dixon SJ, et al.
Global survey of cell death mechanisms reveals metabolic regulation of
ferroptosis. Nat Chem Biol. 2016;12(7):497-503.

Cai W, Liu L, Shi X, LiuY, Wang J, Fang X, et al. Alox15/15-HpETE aggra-
vates myocardial ischemia-reperfusion injury by promoting cardiomyo-
cyte ferroptosis. Circulation. 2023;147(19):1444-60.

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR.
Peroxidation of polyunsaturated fatty acids by lipoxygenases drives
ferroptosis. Proc Natl Acad Sci U S A. 2016;113(34):E4966-75.

Wenzel SE, Tyurina YY, Zhao J, St Croix CM, Dar HH, Mao G, et al. PEBP1
wardens ferroptosis by enabling lipoxygenase generation of lipid death
signals. Cell. 2017;171(3):628-41.

Ahmed M, Lai TH, Kim W, Kim DR. A functional network model of the
metastasis suppressor PEBP1/RKIP and its regulators in breast cancer
cells. Cancers (Basel). 2021;13(23):6098.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

Page 32 of 41

Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY, Tyurin VA,
Hammond VJ, et al. Inactivation of the ferroptosis regulator Gpx4 trig-
gers acute renal failure in mice. Nat Cell Biol. 2014;16(12):1180-91.

Chu B, Kon N, Chen D, LiT, LiuT, Jiang L, et al. ALOX12 is required for
p53-mediated tumour suppression through a distinct ferroptosis path-
way. Nat Cell Biol. 2019;21(5):579-91.

Yang X, Wang Z, Samovich S N, Kapralov A A, Amoscato A A, Tyurin V
A, et al. PHLDA2-mediated phosphatidic acid peroxidation triggers a
distinct ferroptotic response during tumor suppression. Cell Metab.
2024,36(4):762-77.

Pandey AV, Fltick CE. NADPH P450 oxidoreductase: structure, function,
and pathology of diseases. Pharmacol Ther. 2013;138(2):229-54.
Karuppagounder SS, Alin L, Chen Y, Brand D, Bourassa MW, Dietrich

K, et al. N-acetylcysteine targets 5 lipoxygenase-derived, toxic lipids
and can synergize with prostaglandin E(2) to inhibit ferroptosis and
improve outcomes following hemorrhagic stroke in mice. Ann Neurol.
2018;84(6):854-72.

Wang B, Jin'Y, Liu J, Liu Q, ShenY, Zuo S, et al. EP1 activation inhib-

its doxorubicin-cardiomyocyte ferroptosis via Nrf2. Redox Biol.
2023;65:102825.

Morotti M, Grimm AJ, Hope HC, Arnaud M, Desbuisson M, Rayroux N,
et al. PGE(2) inhibits TIL expansion by disrupting IL-2 signalling and
mitochondrial function. Nature. 2024,629(8011):426-34.

Magtanong L, Ko PJ, To M, Cao JY, Forcina GC, Tarangelo A, et al. Exog-
enous monounsaturated fatty acids promote a ferroptosis-resistant cell
state. Cell Chem Biol. 2019;26(3):420-32.

LiuY,Wang Y, Lin Z, Kang R, Tang D, Liu J. SLC25A22 as a key
mitochondrial transporter against ferroptosis by producing glu-
tathione and monounsaturated fatty acids. Antioxid Redox Signal.
2023;39(1-3):166-85.

Mann J, Reznik E, Santer M, Fongheiser MA, Smith N, Hirschhorn T, et al.
Ferroptosis inhibition by oleic acid mitigates iron-overload-induced
injury. Cell Chem Biol. 2024;31(2):249-64.

Liang D, Feng Y, Zandkarimi F, Wang H, Zhang Z, Kim J, et al. Ferroptosis
surveillance independent of GPX4 and differentially regulated by sex
hormones. Cell. 2023;186(13):2748-64.

Minami JK, Morrow D, Bayley NA, Fernandez EG, Salinas JJ, Tse C, et al.
CDKN2A deletion remodels lipid metabolism to prime glioblastoma for
ferroptosis. Cancer Cell. 2023;41(6):1048-60.

Rodencal J, Kim N, He A, Li VL, Lange M, He J, et al. Sensitization of
cancer cells to ferroptosis coincident with cell cycle arrest. Cell Chem
Biol. 2024;31(2):234-48.

Lee H, Horbath A, Kondiparthi L, Meena JK, Lei G, Dasgupta S, et al. Cell
cycle arrest induces lipid droplet formation and confers ferroptosis
resistance. Nat Commun. 2024;15(1):79.

Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigd
R, et al. Characterization of mammalian selenoproteomes. Science.
2003;300(5624):1439-43.

Zhao X, Lian X, Xie J, Liu G. Accumulated cholesterol protects tumours
from elevated lipid peroxidation in the microenvironment. Redox Biol.
2023;62:102678.

Freitas FP, Alborzinia H, Dos Santos AF, Nepachalovich P, Pedrera L, Zilka
O, et al. 7-Dehydrocholesterol is an endogenous suppressor of ferropto-
sis. Nature. 2024,626(7998):401-10.

LiY,Ran Q Duan Q, Jin J,Wang Y, Yu L, et al. 7-Dehydrocholesterol
dictates ferroptosis sensitivity. Nature. 2024,626(7998):411-8.

Ma X, Xiao L, Liu L, Ye L, Su P, Bi E, et al. CD36-mediated ferroptosis
dampens intratumoral CD8(+) T cell effector function and impairs their
antitumor ability. Cell Metab. 2021;33(5):1001-12.

Xu S, Chaudhary O, Rodriguez-Morales P, Sun X, Chen D, Zappasodi R,
et al. Uptake of oxidized lipids by the scavenger receptor CD36 pro-
motes lipid peroxidation and dysfunction in CD8(+) T cells in tumors.
Immunity. 2021;54(7):1561-77.

BaiY, Meng L, Han L, Jia Y, Zhao Y, Gao H, et al. Lipid storage and
lipophagy regulates ferroptosis. Biochem Biophys Res Commun.
2019;508(4):997-1003.

Hassannia B, Vandenabeele P, Vanden BT. Targeting ferroptosis to iron
out cancer. Cancer Cell. 2019;35(6):830-49.

Xiao X, Moschetta GA, Xu'Y, Fisher AL, Alfaro-Magallanes VM, Dev S,
et al. Regulation of iron homeostasis by hepatocyte TfR1 requires HFE


https://doi.org/10.1038/s41556-024-01361-7

Chen et al. Journal of Hematology & Oncology

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

(2024) 17:41

and contributes to hepcidin suppression in 3-thalassemia. Blood.
2023;141(4):422-32.

Lambe T, Simpson RJ, Dawson S, Bouriez-Jones T, Crockford TL, Lep-
herd M, et al. Identification of a Steap3 endosomal targeting motif
essential for normal iron metabolism. Blood. 2009;113(8):1805-8.
Billesbglle CB, Azumaya CM, Kretsch RC, Powers AS, Gonen S, Sch-
neider S, et al. Structure of hepcidin-bound ferroportin reveals iron
homeostatic mechanisms. Nature. 2020;586(7831):807-11.

Grillo AS, SantaMaria AM, Kafina MD, Cioffi AG, Huston NC,

Han M, et al. Restored iron transport by a small molecule pro-
motes absorption and hemoglobinization in animals. Science.
2017;356(6338):608-16.

Li J, Kang R, Tang D. Monitoring autophagy-dependent ferroptosis.
Methods Cell Biol. 2021;165:163-76.

YiL, HuY,Wu Z, LiY, Kong M, Kang Z, et al. TFRC upregulation pro-
motes ferroptosis in CVB3 infection via nucleus recruitment of Sp1.
Cell Death Dis. 2022;13(7):592.

Yu, Jiang L, Wang H, Shen Z, Cheng Q, Zhang P, et al. Hepatic trans-
ferrin plays a role in systemic iron homeostasis and liver ferroptosis.
Blood. 2020;136(6):726-39.

Sun X, Ou Z, Xie M, Kang R, Fan Y, Niu X, et al. HSPB1 as a

novel regulator of ferroptotic cancer cell death. Oncogene.
2015;34(45):5617-25.

Terzi EM, Sviderskiy VO, Alvarez SW, Whiten GC, Possemato R. Iron-sulfur
cluster deficiency can be sensed by IRP2 and regulates iron homeo-
stasis and sensitivity to ferroptosis independent of IRP1 and FBXL5. Sci
Adv. 2021;7(22):eabg4302.

Liu Q Wang F, Chen'Y, Cui H, Wu H. A regulatory module comprising
G3BP1-FBXL5-IRP2 axis determines sodium arsenite-induced ferropto-
sis. J Hazard Mater. 2024;465:133038.

Hou W, Xie Y, Song X, Sun X, Lotze MT, Zeh HJ, et al. Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy.
2016;12(8):1425-8.

Kremer DM, Nelson BS, Lin L, Yarosz EL, Halbrook CJ, Kerk SA, et al. GOT1
inhibition promotes pancreatic cancer cell death by ferroptosis. Nat
Commun. 2021;12(1):4860.

Brown CW, Amante JJ, Chhoy P, Elaimy AL, Liu H, Zhu LJ, et al. Prominin2
drives ferroptosis resistance by stimulating iron export. Dev Cell.
2019;51(5):575-86.

von Krusenstiern AN, Robson RN, Qian N, Qiu B, Hu F, Reznik E, et al.
Identification of essential sites of lipid peroxidation in ferroptosis. Nat
Chem Biol. 2023;19(6):719-30.

Nishizawa H, Matsumoto M, Chen G, Ishii Y, Tada K, Onodera M, et al.
Lipid peroxidation and the subsequent cell death transmitting from
ferroptotic cells to neighboring cells. Cell Death Dis. 2021;12(4):332.
Riegman M, Sagie L, Galed C, Levin T, Steinberg N, Dixon SJ, et al.
Ferroptosis occurs through an osmotic mechanism and propagates
independently of cell rupture. Nat Cell Biol. 2020;22(9):1042-8.
Katikaneni A, Jelcic M, Gerlach GF, Ma Y, Overholtzer M, Niethammer

P. Lipid peroxidation regulates long-range wound detection through
5-lipoxygenase in zebrafish. Nat Cell Biol. 2020,22(9):1049-55.

Ramos S, Hartenian E, Santos JC, Walch P, Broz P. NINJ1 induces plasma
membrane rupture and release of damage-associated molecular pat-
tern molecules during ferroptosis. EMBO J. 2024; 43(7):1164-86.
Degen M, Santos JC, Pluhackova K, Cebrero G, Ramos S, Jankevicius G,
et al. Structural basis of NINJ1-mediated plasma membrane rupture in
cell death. Nature. 2023;618(7967):1065-71.

Kayagaki N, Kornfeld OS, Lee BL, Stowe IB, O'Rourke K, Li Q, et al. NINJ1
mediates plasma membrane rupture during lytic cell death. Nature.
2021,591(7848):131-6.

Kayagaki N, Stowe B, Alegre K, Deshpande |, Wu S, Lin Z, et al. Inhibiting
membrane rupture with NINJ1 antibodies limits tissue injury. Nature.
2023;618(7967):1072-7.

Hirata Y, Cai R, Volchuk A, Steinberg BE, Saito Y, Matsuzawa A, et al. Lipid
peroxidation increases membrane tension, Piezo1 gating, and cation
permeability to execute ferroptosis. Curr Biol. 2023;33(7):1282-94.
Chen SY, Lin CC, Wu J, Chen'Y, Wang YE, Setayeshpour, et al. NINJ1
regulates ferroptosis via xCT antiporter interaction and CoA modula-
tion. bioRxiv. 2024.

Liu J, Kang R, Tang D. ESCRT-Ill-mediated membrane repair in cell death
and tumor resistance. Cancer Gene Ther. 2021;28(1-2):1-4.

91

92.

93.

94,

95.

96.

97.

98.

99.

100.

102.

104.

108.

109.

110.

11,

12,

Page 33 of 41

Pedrera L, Espiritu RA, Ros U, Weber J, Schmitt A, Stroh J, et al. Ferrop-
totic pores induce Ca(2+) fluxes and ESCRT-IIl activation to modulate
cell death kinetics. Cell Death Differ. 2021,28(5):1644-57.

Dai E, Meng L, Kang R, Wang X, Tang D. ESCRT-lll-dependent mem-
brane repair blocks ferroptosis. Biochem Biophys Res Commun.
2020;522(2):415-21.

Liu H, Forouhar F, Lin AJ, Wang Q, Polychronidou V, Soni RK, et al.
Small-molecule allosteric inhibitors of GPX4. Cell Chem Biol.
2022,29(12):1680-93.

Yant LJ, Ran Q, Rao L, Van Remmen H, Shibatani T, Belter JG, et al. The
selenoprotein GPX4 is essential for mouse development and protects
from radiation and oxidative damage insults. Free Radic Biol Med.
2003;34(4):496-502.

Xie Y, Kang R, Klionsky DJ, Tang D. GPX4 in cell death, autophagy, and
disease. Autophagy. 2023;19(10):2621-38.

Wu K, Yan M, LiuT, Wang Z, Duan'Y, Xia Y, et al. Creatine kinase B sup-
presses ferroptosis by phosphorylating GPX4 through a moonlighting
function. Nat Cell Biol. 2023;25(5):714-25.

Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswana-
than VS, et al. Regulation of ferroptotic cancer cell death by GPX4. Cell.
2014;156(1-2):317-31.

LiuY,Wang, Liu J, Kang R, Tang D. Interplay between MTOR and GPX4
signaling modulates autophagy-dependent ferroptotic cancer cell
death. Cancer Gene Ther. 2021;28(1-2):55-63.

Liu J, Kang R, Tang D. Adverse effects of ferroptotic therapy: mecha-
nisms and management. Trends Cancer. 2024;10(5):417-29.

XueY, Lu F, Chang Z, Li J, Gao Y, Zhou J, et al. Intermittent dietary
methionine deprivation facilitates tumoral ferroptosis and synergizes
with checkpoint blockade. Nat Commun. 2023;14(1):4758.

Borchert A, Wang CC, Ufer C, Schiebel H, Savaskan NE, Kuhn H. The role
of phospholipid hydroperoxide glutathione peroxidase isoforms in
murine embryogenesis. J Biol Chem. 2006;281(28):19655-64.

Canli O, Alankus YB, Grootjans S, Vegi N, Hultner L, Hoppe PS, et al.
Glutathione peroxidase 4 prevents necroptosis in mouse erythroid
precursors. Blood. 2016;127(1):139-48.

Kang R, Zeng L, Zhu S, Xie Y, Liu J, Wen Q, et al. Lipid peroxidation drives
gasdermin D-mediated pyroptosis in lethal polymicrobial sepsis. Cell
Host Microbe. 2018;24(1):97-108.

Hu K, Li K, Lv J, Feng J, Chen J, Wu H, et al. Suppression of the SLC7A11/
glutathione axis causes synthetic lethality in KRAS-mutant lung adeno-
carcinoma. J Clin Investig. 2020;130(4):1752-66.

Sato M, Onuma K, Domon M, Hasegawa S, Suzuki A, Kusumi R, et al.
Loss of the cystine/glutamate antiporter in melanoma abrogates tumor
metastasis and markedly increases survival rates of mice. Int J Cancer.
2020;147(11):3224-35.

. Tang D, Kroemer G, Kang R. Targeting cuproplasia and cuproptosis in

cancer. Nat Rev Clin Oncol. 2024; 21(5):370-88.

Doll S, Freitas FP, Shah R, Aldrovandi M, da Silva MC, Ingold |, et al.
FSP1 is a glutathione-independent ferroptosis suppressor. Nature.
2019,575(7784):693-8.

Bersuker K, Hendricks JM, Li Z, Magtanong L, Ford B, Tang PH, et al. The
CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis.
Nature. 2019,575(7784):688-92.

Mishima E, Ito J, Wu Z, Nakamura T, Wahida A, Doll S, et al. A non-
canonical vitamin K cycle is a potent ferroptosis suppressor. Nature.
2022,608(7924):778-83.

Nakamura T, Hipp C, Santos Dias Mourédo A, Borggréfe J, Aldrovandi M,
Henkelmann B, et al. Phase separation of FSP1 promotes ferroptosis.
Nature. 2023;619(7969):371-7.

Dai E, Zhang W, Cong D, Kang R, Wang J, Tang D. AIFM2 blocks fer-
roptosis independent of ubiquinol metabolism. Biochem Biophys Res
Commun. 2020;523(4):966-71.

Yang X, Wang Z, Zandkarimi F, Liu Y, Duan S, Li Z, et al. Regulation of
VKORCIL1 is critical for p53-mediated tumor suppression through
vitamin K metabolism. Cell Metab. 2023;35(8):1474-90.

LvY, Liang C, Sun Q Zhu J, Xu H, Li X, et al. Structural insights into FSP1
catalysis and ferroptosis inhibition. Nat Commun. 2023;14(1):5933.
Amos A, Jiang N, Zong D, Gu J, Zhou J, Yin L, et al. Depletion of

SOD2 enhances nasopharyngeal carcinoma cell radiosensitivity via
ferroptosis induction modulated by DHODH inhibition. BMC Cancer.
2023;23(1):117.



Chen et al. Journal of Hematology & Oncology

115.

116.

117.

118.

119.

120.

121.

123.

124.

125.

126.

127.

128.

129.

131.
132.
133.
134.
135.

136.

137.

138.

(2024) 17:41

Mao C, Liu X, Zhang Y, Lei G, Yan Y, Lee H, et al. DHODH-mediated
ferroptosis defence is a targetable vulnerability in cancer. Nature.
2021;593(7860):586-90.

Deshwal S, Onishi M, Tatsuta T, Bartsch T, Cors E, Ried K, et al. Mito-
chondria regulate intracellular coenzyme Q transport and ferroptotic
resistance via STARD7. Nat Cell Biol. 2023;25(2):246-57.

Song X, Liu J, Kuang F, Chen X, Zeh HJ, Kang R, et al. PDK4 dictates
metabolic resistance to ferroptosis by suppressing pyruvate oxidation
and fatty acid synthesis. Cell Rep. 2021;34(8):108767.

Kraft VAN, Bezjian CT, Pfeiffer S, Ringelstetter L, Mller C, Zandkarimi F,
et al. GTP cyclohydrolase 1/tetrahydrobiopterin counteract ferroptosis
through lipid remodeling. ACS Cent Sci. 2020;6(1):41-53.

Kapralov AA, Yang Q, Dar HH, Tyurina YY, Anthonymuthu TS, Kim R, et al.
Redox lipid reprogramming commands susceptibility of macrophages
and microglia to ferroptotic death. Nat Chem Biol. 2020;16(3):278-90.
Wang Z,Yang X, Chen D, LiuY, Li Z, Duan S, et al. GAS41 modu-

lates ferroptosis by anchoring NRF2 on chromatin. Nat Commun.
2024;15(1):2531.

Kuang F, Liu J, Xie Y, Tang D, Kang R. MGST1 is a redox-sensitive
repressor of ferroptosis in pancreatic cancer cells. Cell Chem Biol.
2021;28(6):765-75.

Wang Q, Bin C, Xue Q, Gao Q, Huang A, Wang K, et al. GSTZ1 sensitizes
hepatocellular carcinoma cells to sorafenib-induced ferroptosis via
inhibition of NRF2/GPX4 axis. Cell Death Dis. 2021;12(5):426.

Liu S, Wu W, Chen Q, Zheng Z, Jiang X, Xue Y, et al. TXNRD1: a key
regulator involved in the ferroptosis of CML cells induced by cysteine
depletion in vitro. Oxid Med Cell Longev. 2021,2021:7674565.

Carlson BA, Tobe R, Yefremova E, Tsuji PA, Hoffmann VJ, Schweizer U,

et al. Glutathione peroxidase 4 and vitamin E cooperatively prevent
hepatocellular degeneration. Redox Biol. 2016;9:22-31.

Fang X, Zhang J, LiY, Song Y, Yu Y, Cai Z, et al. Malic enzyme 1 as a novel
anti-ferroptotic regulator in hepatic ischemia/reperfusion injury. Adv
Sci Weinh. 2023;10(13):e2205436.

Rong Y, Gao J, Kuang T, Chen J, Li JA, Huang Y, et al. DIAPH3 promotes
pancreatic cancer progression by activating selenoprotein TrxR1-medi-
ated antioxidant effects. J Cell Mol Med. 2021;25(4):2163-75.

Lovatt M, Adnan K, Kocaba V, Dirisamer M, Peh GSL, Mehta JS. Peroxire-
doxin-1 regulates lipid peroxidation in corneal endothelial cells. Redox
Biol. 2020;30:101417.

Sun WY, Tyurin VA, Mikulska-Ruminska K, Shrivastava IH, Anthonymuthu
TS, Zhai YJ, et al. Phospholipase iPLA(2)beta averts ferroptosis by elimi-
nating a redox lipid death signal. Nat Chem Biol. 2021;17(4):465-76.
Chen D, Chu B, Yang X, Liu Z, Jin Y, Kon N, et al. iPLA2beta-mediated
lipid detoxification controls p53-driven ferroptosis independent of
GPX4. Nat Commun. 2021;12(1):3644.

Zhang J, Xie H, Yao J, Jin W, Pan H, Pan Z, et al. TRIM59 promotes stea-
tosis and ferroptosis in non-alcoholic fatty liver disease via enhancing
GPX4 ubiquitination. Hum Cell. 2023;36(1):209-22.

Kuang F, Liu J, Tang D, Kang R. Oxidative damage and antioxidant
defense in ferroptosis. Front Cell Dev Biol. 2020;8:586578.

Chen X, Kang R, Kroemer G, Tang D. Broadening horizons: the role of
ferroptosis in cancer. Nat Rev Clin Oncol. 2021;18(5):280-96.

Lei G, Zhuang L, Gan B. Targeting ferroptosis as a vulnerability in cancer.
Nat Rev Cancer. 2022;22(7):381-96.

Jiang X, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and
role in disease. Nat Rev Mol Cell Biol. 2021;22(4):266-82.

Dixon SJ, Olzmann JA. The cell biology of ferroptosis. Nat Rev Mol Cell
Biol. 2024;25(6):424-42.

Beaulant A, Dia M, Pillot B, Chauvin MA, Ji-Cao J, Durand C, et al.
Endoplasmic reticulum-mitochondria miscommunication is an early
and causal trigger of hepatic insulin resistance and steatosis. J Hepatol.
2022,77(3):710-22.

Malek M, Wawrzyniak AM, Koch P, Lichtenborg C, Hessenberger M,
Sachsenheimer T, et al. Inositol triphosphate-triggered calcium release
blocks lipid exchange at endoplasmic reticulum-Golgi contact sites. Nat
Commun. 2021;12(1):2673.

Chung J, Torta F, Masai K, Lucast L, Czapla H, Tanner LB, et al. INTRA-
CELLULAR TRANSPORT. PI4P/phosphatidylserine countertransport at
ORP5- and ORP8-mediated ER-plasma membrane contacts. Science.
2015;349(6246):428-32.

139.

141.

142.

143.

144.

145.

149.

150.

153.

156.

157.

158.

Page 34 of 41

Lin' S, Meng T, Huang H, Zhuang H, He Z, Yang H, et al. Molecular
machineries and physiological relevance of ER-mediated membrane
contacts. Theranostics. 2021;11(2):974-95.

Roest G, La Rovere RM, Bultynck G, Parys JB. IP(3) receptor proper-

ties and function at membrane contact sites. Adv Exp Med Biol.
2017;981:149-78.

Rockenfeller P, Gourlay CW. Lipotoxicty in yeast: a focus on plasma
membrane signalling and membrane contact sites. FEMS Yeast Res.
2018;18(4):foy034.

Sano R, Annunziata |, Patterson A, Moshiach S, Gomero E, Opferman J,
et al. GM1-ganglioside accumulation at the mitochondria-associated
ER membranes links ER stress to Ca(2+)-dependent mitochondrial
apoptosis. Mol Cell. 2009;36(3):500-11.

Missiroli S, Bonora M, Patergnani S, Poletti F, Perrone M, Gafa R,

et al. PML at mitochondria-associated membranes is critical for

the repression of autophagy and cancer development. Cell Rep.
2016;16(9):2415-27.

Zhang Z, Zhou H, Gu W, Wei Y, Mou S, Wang Y, et al. CGl1746 targets
o(1)R to modulate ferroptosis through mitochondria-associated mem-
branes. Nat Chem Biol. 2024;20(6):699-709.

Xu Q, LiL, Han C, Wei L, Kong L, Lin F. Sigma-1 receptor (sigmalR) is
downregulated in hepatic malignant tumors and regulates HepG2 cell
proliferation, migration and apoptosis. Oncol Rep. 2018;39(3):1405-13.
Crottes D, Rapetti-Mauss R, Alcaraz-Perez F, Tichet M, Gariano G, Martial
S, et al. SIGMAR1 regulates membrane electrical activity in response to
extracellular matrix stimulation to drive cancer cell invasiveness. Cancer
Res. 2016;76(3):607-18.

Gueguinou M, Crottes D, Chantome A, Rapetti-Mauss R, Potier-
Cartereau M, Clarysse L, et al. The SigmaR1 chaperone drives breast
and colorectal cancer cell migration by tuning SK3-dependent Ca(2+)
homeostasis. Oncogene. 2017;36(25):3640-7.

Stefan CJ, Manford AG, Baird D, Yamada-Hanff J, Mao Y, Emr SD. Osh pro-
teins regulate phosphoinositide metabolism at ER-plasma membrane
contact sites. Cell. 2011;144(3):389-401.

Bakshi HA, Mkhael M, Faruck HL, Khan AU, Aljabali AAA, Mishra V,

et al. Cellular signaling in the hypoxic cancer microenvironment:
Implications for drug resistance and therapeutic targeting. Cell Signal.
2024;113:110911.

Wang T, Zhu G, Wang B, Hu M, Gong C, Tan K, et al. Activation of
hypoxia inducible factor-1 alpha-mediated DNA methylation enzymes
(DNMT3a and TET2) under hypoxic conditions regulates ST00A6 tran-
scription to promote lung cancer cell growth and metastasis. Antioxid
Redox Signal. 2024. https://doi.org/10.1089/ars.2023.0397.

Chen LD, Lin L, Chen JZ, Song Y, Zhang WL, Li HY, et al. Identification
of key genes in chronic intermittent hypoxia-induced lung cancer
progression based on transcriptome sequencing. BMC Cancer.
2024,24(1):41.

Qiao Z, LiY, Li S, Liu S, Cheng Y. Hypoxia-induced SHMT2 protein lactyla-
tion facilitates glycolysis and stemness of esophageal cancer cells. Mol
Cell Biochem. 2024. https://doi.org/10.1007/511010-023-04913-x.
Song X, Zhu S, Xie Y, Liu J, Sun L, Zeng D, et al. JTC801 induces pH-
dependent death specifically in cancer cells and slows growth of
tumors in mice. Gastroenterology. 2018;154(5):1480-93.

Chafe SC, Vizeacoumar FS, Venkateswaran G, Nemirovsky O, Awrey S,
Brown WS, et al. Genome-wide synthetic lethal screen unveils novel
CAIX-NFS1/xCT axis as a targetable vulnerability in hypoxic solid
tumors. Sci Adv. 2021;7(35):eabj0364.

Yang Z, SuW, Wei X, Qu S, Zhao D, Zhou J, et al. HIF-1a drives resistance
to ferroptosis in solid tumors by promoting lactate production and
activating SLC1A1. Cell Rep. 2023;42(8):112945.

Lin Z, Song J, Gao Y, Huang S, Dou R, Zhong P, et al. Hypoxia-induced
HIF-10/IncRNA-PMAN inhibits ferroptosis by promoting the cytoplas-
mic translocation of ELAVL1 in peritoneal dissemination from gastric
cancer. Redox Biol. 2022;52:102312.

Cai'S, Ding Z, Liu X, Zeng J. Trabectedin induces ferroptosis via regula-
tion of HIF-1alpha/IRP1/TFR1 and Keap1/Nrf2/GPX4 axis in non-small
cell lung cancer cells. Chem Biol Interact. 2023;369:110262.

Zheng S, Mo J, Zhang J, Chen Y. HIF-1alpha inhibits ferroptosis and
promotes malignant progression in non-small cell lung cancer by
activating the Hippo-YAP signalling pathway. Oncol Lett. 2023;25(3):90.


https://doi.org/10.1089/ars.2023.0397
https://doi.org/10.1007/s11010-023-04913-x

Chen et al. Journal of Hematology & Oncology

159.

160.

161.

162.

163.

164.

165.

168.

169.

170.

171.

172.

174.

177.

179.

180.

(2024) 17:41

Peng B, Ling X, Huang T, Wan J. HSP70 via HIF-1 alpha SUMOylation
inhibits ferroptosis inducing lung cancer recurrence after insufficient
radiofrequency ablation. PLoS One. 2023;18(11):20294263.

Zhang H, Zha X, Zhang B, Zheng Y, Elsabagh M, Wang H, et al. Gut
microbiota contributes to bisphenol A-induced maternal intestinal
and placental apoptosis, oxidative stress, and fetal growth restriction

in pregnant ewe model by regulating gut-placental axis. Microbiome.
2024;12(1):28.

LaRock DL, Johnson AF, Wilde S, Sands JS, Monteiro MP, LaRock CN.
Group A Streptococcus induces GSDMA-dependent pyroptosis in
keratinocytes. Nature. 2022;605(7910):527-31.

CuiW, Guo M, Liu D, Xiao P, Yang C, Huang H, et al. Gut microbial
metabolite facilitates colorectal cancer development via ferroptosis
inhibition. Nat Cell Biol. 2024;26(1):124-37.

Qiang L, Zhang Y, Lei Z, Lu Z, Tan S, Ge P, et al. A mycobacterial effector
promotes ferroptosis-dependent pathogenicity and dissemination. Nat
Commun. 2023;14(1):1430.

Hou H, Qin X, Li G, Cui Z, Zhang J, Dong B, et al. Nrf2-mediated redox
balance alleviates LPS-induced vascular endothelial cell inflammation
by inhibiting endothelial cell ferroptosis. Sci Rep. 2024;14(1):3335.

Mo G, Guo J, Zhang L, Shao Y, Hu K, Wu B, et al. miR-129-2-3p mediates
LPS-induced macrophage polarization and ferroptosis by targeting the
SMAD3-GPX4 axis. Gene. 2024;894:147962.

Deng F, Zhao BC, Yang X, Lin ZB, Sun QS, Wang YF, et al. The gut micro-
biota metabolite capsiate promotes Gpx4 expression by activating
TRPV1 to inhibit intestinal ischemia reperfusion-induced ferroptosis.
Gut Microbes. 2021;13(1):1-21.

Zeng Y, Wu R,Wang F, Li S, Li L, Li Y, et al. Liberation of daidzein by gut
microbial 3-galactosidase suppresses acetaminophen-induced hepato-
toxicity in mice. Cell Host Microbe. 2023;31(5):766-80.

Zhang R, Kang R, Tang D. Gut microbiome mediates ferroptosis resist-
ance for colorectal cancer development. Cancer Res. 2024;84(6):796-7.
Wang Y, Zhao M, Zhao L, Geng Y, Li G, Chen L, et al. HBx-induced HSPA8
stimulates HBV replication and suppresses ferroptosis to support liver
cancer progression. Cancer Res. 2023;83(7):1048-61.

Dai E,Han L, Liu J, Xie Y, Zeh HJ, Kang R, et al. Ferroptotic damage
promotes pancreatic tumorigenesis through a TMEM173/STING-
dependent DNA sensor pathway. Nat Commun. 2020;11(1):6339.
Conche C, Finkelmeier F, Pesic M, Nicolas AM, Bottger TW, Kennel KB,
et al. Combining ferroptosis induction with MDSC blockade renders pri-
mary tumours and metastases in liver sensitive to immune checkpoint
blockade. Gut. 2023;72(9):1774-82.

Mu M, Huang CX, Qu C, Li PL, Wu XN, Yao W, et al. Targeting ferroptosis-
elicited inflammation suppresses hepatocellular carcinoma metastasis
and enhances sorafenib efficacy. Cancer Res. 2024;84(6):841-54.

Cui JX, Xu XH, He T, Liu JJ, Xie TY, Tian W, et al. L-kynurenine induces NK
cell loss in gastric cancer microenvironment via promoting ferroptosis.
JExp Clin Cancer Res. 2023;42(1):52.

Liu D, Liang CH, Huang B, Zhuang X, Cui W, Yang L, et al. Tryptophan
metabolism acts as a new anti-ferroptotic pathway to mediate tumor
growth. Adv Sci (Weinh). 2023;10(6):e2204006.

Bender MJ, McPherson AC, Phelps CM, Pandey SP, Laughlin CR, Shapira
JH, et al. Dietary tryptophan metabolite released by intratumoral Lacto-
bacillus reuteri facilitates immune checkpoint inhibitor treatment. Cell.
2023;186(9):1846-62.

Canale FP, Basso C, Antonini G, Perotti M, Li N, Sokolovska A, et al. Meta-
bolic modulation of tumours with engineered bacteria for immuno-
therapy. Nature. 2021;598(7882):662-6.

Nejman D, Livyatan |, Fuks G, Gavert N, Zwang Y, Geller LT, et al. The
human tumor microbiome is composed of tumor type-specific intra-
cellular bacteria. Science. 2020;368(6494):973-80.

Badgley MA, Kremer DM, Maurer HC, DelGiorno KE, Lee HJ, Purohit V,
et al. Cysteine depletion induces pancreatic tumor ferroptosis in mice.
Science. 2020,368(6486):85-9.

Zhang Y, Recouvreux MV, Jung M, Galenkamp KMO, Li Y, Zagnitko O,

et al. Macropinocytosis in cancer-associated fibroblasts is dependent
on CaMKK2/ARHGEF2 signaling and functions to support tumor and
stromal cell fitness. Cancer Discov. 2021;11(7):1808-25.

Armenta DA, Lagtom NN, Alchemy G, Dong W, Morrow D, Poltorack
CD, et al. Ferroptosis inhibition by lysosome-dependent catabolism of
extracellular protein. Cell Chem Biol. 2022;29(11):1588-600.

181.

184.

185.

186.

187.

188.

189.

190.

191.

194.

195.

196.

198.

200.

201.

202.

203.

204.

Page 35 of 41

Kuang F, Liu J, Li C, Kang R, Tang D. Cathepsin B is a mediator of
organelle-specific initiation of ferroptosis. Biochem Biophys Res Com-
mun. 2020;533(4):1464-9.

Ballabio A, Bonifacino JS. Lysosomes as dynamic regulators of cell and
organismal homeostasis. Nat Rev Mol Cell Biol. 2020;21(2):101-18.
Wang D, Peng Y, Xie Y, Zhou B, Sun X, Kang R, et al. Antiferroptotic
activity of non-oxidative dopamine. Biochem Biophys Res Commun.
2016;480(4):602-7.

Byun JK, Lee S, Kang GW, Lee YR, Park SY, Song IS, et al. Macropinocy-
tosis is an alternative pathway of cysteine acquisition and mitigates
sorafenib-induced ferroptosis in hepatocellular carcinoma. J Exp Clin
Cancer Res. 2022;41(1):98.

Commisso C, Davidson SM, Soydaner-Azeloglu RG, Parker SJ, Kam-
phorst JJ, Hackett S, et al. Macropinocytosis of protein is an amino acid
supply route in Ras-transformed cells. Nature. 2013;497(7451):633-7.
Bartolacci C, Andreani C, Vale G, Berto S, Melegari M, Crouch AC, et al.
Targeting de novo lipogenesis and the Lands cycle induces ferroptosis
in KRAS-mutant lung cancer. Nat Commun. 2022;13(1):4327.
SuH,Yang F, FuR, Li X, French R, Mose E, et al. Cancer cells escape
autophagy inhibition via NRF2-induced macropinocytosis. Cancer Cell.
2021;39(5):678-93.

Tolani B, Celli A, Yao Y, Tan YZ, Fetter R, Liem CR, et al. Ras-mutant
cancers are sensitive to small molecule inhibition of V-type ATPases in
mice. Nat Biotechnol. 2022;40(12):1834-44.

Chen X, Tsvetkov AS, Shen HM, Isidoro C, Ktistakis NT, Linkermann A,

et al. International consensus guidelines for the definition, detection,
and interpretation of autophagy-dependent ferroptosis. Autophagy.
2024. https://doi.org/10.1080/15548627.2024.2319901.

Ramsey HE, Fischer MA, Lee T, Gorska AE, Arrate MP, Fuller L,

et al. A novel MCL1 inhibitor combined with venetoclax rescues
venetoclax-resistant acute myelogenous leukemia. Cancer Discov.
2018;8(12):1566-81.

Lopez A, Reyna DE, Gitego N, Kopp F, Zhou H, Miranda-Roman MA, et al.
Co-targeting of BAX and BCL-XL proteins broadly overcomes resistance
to apoptosis in cancer. Nat Commun. 2022;13(1):1199.

Tomat E. Targeting iron to contrast cancer progression. Curr Opin Chem
Biol. 2023;74:102315.

Li J, Lim JYS, Eu JQ, Chan A, Goh BC, Wang L, et al. ROS modulation in
the current landscape of anti-cancer therapies. Antioxid Redox Signal.
2024.

Liu J, Song X, Kuang F, Zhang Q, Xie Y, Kang R, et al. NUPR1 is a critical
repressor of ferroptosis. Nat Commun. 2021;12(1):647.

Zhu 'S, Zhang Q, Sun X, Zeh HJ, Lotze MT, Kang R, et al. HSPAS regulates
ferroptotic cell death in cancer cells. Cancer Res. 2017;77(8):2064-77.
Yang C, Zhao Y, Wang L, Guo Z, Ma L, Yang R, et al. De novo pyrimidine
biosynthetic complexes support cancer cell proliferation and ferropto-
sis defence. Nat Cell Biol. 2023;25(6):836-47.

Zhang W, Sun'Y, Bai L, Zhi L, Yang Y, Zhao Q, et al. RBMST regulates

lung cancer ferroptosis through translational control of SLC7A11. J Clin
Investig. 2021;131(22).

Anandhan A, Dodson M, Shakya A, Chen J, Liu P, Wei Y, et al. NRF2
controls iron homeostasis and ferroptosis through HERC2 and VAMPS8.
Sci Adv. 2023;9(5).eade9585.

Liu X, Nie L, Zhang Y, Yan Y, Wang C, Colic M, et al. Actin cytoskeleton
vulnerability to disulfide stress mediates disulfidptosis. Nat Cell Biol.
2023;25(3):404-14.

Zheng C, Zhang B, LiY, Liu K, Wei W, Liang S, et al. Donafenib and
GSK-J4 synergistically induce ferroptosis in liver cancer by upregulating
HMOX1 expression. Adv Sci (Weinh). 2023;10(22):e2206798.

Liu K, Liu J, Zou B, Li C, Zeh HJ, Kang R, et al. Trypsin-mediated sensitiza-
tion to ferroptosis increases the severity of pancreatitis in mice. Cell Mol
Gastroenterol Hepatol. 2022;13(2):483-500.

Dai E, Han L, Liu J, Xie Y, Kroemer G, Klionsky DJ, et al. Autophagy-
dependent ferroptosis drives tumor-associated macrophage polariza-
tion via release and uptake of oncogenic KRAS protein. Autophagy.
2020;16(11):2069-83.

He F, Zhang P, Liu J, Wang R, Kaufman RJ, Yaden BC, et al. ATF4 sup-
presses hepatocarcinogenesis by inducing SLC7A11 (xCT) to block
stress-related ferroptosis. J Hepatol. 2023;79(2):362-77.

Zhang R, Kang R, Tang D. Ferroptosis in gastrointestinal cancer: from
mechanisms to implications. Cancer Lett. 2023,561:216147.


https://doi.org/10.1080/15548627.2024.2319901

Chen et al. Journal of Hematology & Oncology

205.

206.
207.

208.

209.

210.

211,

213.

215.

218.

220.

221,

222.

223.

224,

225.

226.

227.

(2024) 17:41

Tang D, Kroemer G, Kang R. Ferroptosis in hepatocellular carcinoma:
from bench to bedside. Hepatology. 2023. https://doi.org/10.1097/HEP.
0000000000000390.

Chen X, Kang R, Kroemer G, Tang D. Targeting ferroptosis in pancreatic
cancer: a double-edged sword. Trends Cancer. 2021;7(10):891-901.
Wu'S, Zhu C, Tang D, Dou QP, Shen J, Chen X. The role of ferroptosis in
lung cancer. Biomark Res. 2021;9(1):82.

Katsnelson A, De Strooper B, Zoghbi HY. Neurodegeneration:

from cellular concepts to clinical applications. Sci Transl Med.
2016;8(364):364ps18.

McCormick AV, Wheeler JM, Guthrie CR, Liachko NF, Kraemer BC.
Dopamine D2 receptor antagonism suppresses tau aggregation and
neurotoxicity. Biol Psychiatry. 2013;73(5):464-71.

Hambright WS, Fonseca RS, Chen L, Na R, Ran Q. Ablation of ferroptosis
regulator glutathione peroxidase 4 in forebrain neurons promotes cog-
nitive impairment and neurodegeneration. Redox Biol. 2017;12:8-17.
Wang T, Tomas D, Perera ND, Cuic B, Luikinga S, Viden A, et al. Fer-
roptosis mediates selective motor neuron death in amyotrophic lateral
sclerosis. Cell Death Differ. 2022;29(6):1187-98.

Luogian J, Yang W, Ding X, Tuo QZ, Xiang Z, Zheng Z, et al. Ferroptosis
promotes T-cell activation-induced neurodegeneration in multiple
sclerosis. Cell Mol Immunol. 2022;19(8):913-24.

Ryan SK, Zelic M, Han Y, Teeple E, Chen L, Sadeghi M, et al. Microglia fer-
roptosis is regulated by SEC24B and contributes to neurodegeneration.
Nat Neurosci. 2023;26(1):12-26.

Zhang T, Wang S, Hua D, Shi X, Deng H, Jin S, et al. Identification of ZIP8-
induced ferroptosis as a major type of cell death in monocytes under
sepsis conditions. Redox Biol. 2024;69:102985.

Liu C, Zou Q, Tang H, Liu J, Zhang S, Fan C, et al. Melanin nanoparticles
alleviate sepsis-induced myocardial injury by suppressing ferroptosis
and inflammation. Bioact Mater. 2023;24:313-21.

Brigelius-Flohé R. Vitamin E research: past, now and future. Free Radic
Biol Med. 2021;177:381-90.

ZhangV, Zeng Y, Huang M, Cao G, Lin L, Wang X, et al. Andrographolide
attenuates sepsis-induced acute kidney injury by inhibiting ferroptosis
through the Nrf2/FSP1 pathway. Free Radic Res. 2024;58:156-69.

Lin S, Yan J,Wang W, Luo L. STAT3-mediated ferroptosis is involved in
sepsis-associated acute respiratory distress syndrome. Inflammation.
2024. https://doi.org/10.1007/510753-024-01970-2.

Zan H, Liu J, Yang M, Zhao H, Gao C, DaiV, et al. Melittin alleviates
sepsis-induced acute kidney injury by promoting GPX4 expression to
inhibit ferroptosis. Redox Rep. 2024;29(1):2290864.

Van Coillie S, Van San E, Goetschalckx |, Wiernicki B, Mukhopadhyay B,
Tonnus W, et al. Targeting ferroptosis protects against experimental
(multi)organ dysfunction and death. Nat Commun. 2022;13(1):1046.
Anderson BJ, Calfee CS, Liu KD, Reilly JP, Kangelaris KN, Shashaty MGS,
et al. Plasma sTNFR1 and IL8 for prognostic enrichment in sepsis trials: a
prospective cohort study. Crit Care. 2019;23(1):400.

Fox BM, Gil HW, Kirkbride-Romeo L, Bagchi RA, Wennersten SA, Haefner
KR, et al. Metabolomics assessment reveals oxidative stress and altered
energy production in the heart after ischemic acute kidney injury in
mice. Kidney Int. 2019;95(3):590-610.

Oliver CN, Starke-Reed PE, Stadtman ER, Liu GJ, Carney JM, Floyd

RA. Oxidative damage to brain proteins, loss of glutamine syn-

thetase activity, and production of free radicals during ischemia/
reperfusion-induced injury to gerbil brain. Proc Natl Acad Sci U S A.
1990,87(13):5144-7.

Chen J,LiuY,Pan D, XuT, Luo Y, Wu W, et al. Estrogen inhibits endo-
plasmic reticulum stress and ameliorates myocardial ischemia/reper-
fusion injury in rats by upregulating SERCA2a. Cell Commun Signal.
2022;20(1):38.

Gao M, Monian P, Quadri N, Ramasamy R, Jiang X. Glutaminolysis and
transferrin regulate ferroptosis. Mol Cell. 2015;59(2):298-308.

Fang X, Wang H, Han D, Xie E, Yang X, Wei J, et al. Ferroptosis as a

target for protection against cardiomyopathy. Proc Natl Acad Sci U S A.
2019;116(7):2672-80.

Linkermann A, Skouta R, Himmerkus N, Mulay SR, Dewitz C, De Zen F,
et al. Synchronized renal tubular cell death involves ferroptosis. Proc
Natl Acad SciU S A.2014;111(47):16836-41.

228.

229.

230.

232.

233.

234.

235.

236.

237.

238.

239.

240.

242.

243.

244,

245,

246.

247.

248.

249.

Page 36 of 41

Zhang Q, SunT, Yu F, Liu W, Gao J, Chen J, et al. PAFAH2 suppresses
synchronized ferroptosis to ameliorate acute kidney injury. Nat Chem
Biol. 2024. https://doi.org/10.1038/541589-023-01528-7.

Tuo QZ, LiuY, Xiang Z, Yan HF, Zou T, Shu Y, et al. Thrombin induces
ACSL4-dependent ferroptosis during cerebral ischemia/reperfusion.
Signal Transduct Target Ther. 2022;7(1):59.

LiY, Cao Y, Xiao J, Shang J, Tan Q, Ping F, et al. Inhibitor of apoptosis-
stimulating protein of p53 inhibits ferroptosis and alleviates intestinal
ischemia/reperfusion-induced acute lung injury. Cell Death Differ.
2020;27(9):2635-50.

Fang X, Ardehali H, Min J, Wang F. The molecular and metabolic
landscape of iron and ferroptosis in cardiovascular disease. Nat Rev
Cardiol. 2023;20(1):7-23.

Coronel-Restrepo N, Posso-Osorio |, Naranjo-Escobar J, Tobon

GJ. Autoimmune diseases and their relation with immuno-

logical, neurological and endocrinological axes. Autoimmun Rev.
2017;16(7):684-92.

Chen X, Kang R, Kroemer G, Tang D. Ferroptosis in infection, inflam-
mation, and immunity. J Exp Med. 2021;218(6):20210518.

Wu J, Feng Z, Chen L, Li Y, Bian H, Geng J, et al. TNF antagonist sensi-
tizes synovial fibroblasts to ferroptotic cell death in collagen-induced
arthritis mouse models. Nat Commun. 2022;13(1):676.

Zhou R, ChenY, Li S, Wei X, Hu W, Tang S, et al. TRPM7 channel inhibi-
tion attenuates rheumatoid arthritis articular chondrocyte ferroptosis
by suppression of the PKCa-NOX4 axis. Redox Biol. 2022;55:102411.
LiuY, Luo X, ChenY, Dang J, Zeng D, Guo X, et al. Heterogeneous fer-
roptosis susceptibility of macrophages caused by focal iron overload
exacerbates rheumatoid arthritis. Redox Biol. 2024;69:103008.
Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mecha-
nisms of NAFLD development and therapeutic strategies. Nat Med.
2018;24(7):908-22.

Dong J, Viswanathan S, Adami E, Singh BK, Chothani SP, Ng B, et al.
Hepatocyte-specific IL11 cis-signaling drives lipotoxicity and under-
lies the transition from NAFLD to NASH. Nat Commun. 2021;12(1):66.
Satapati S, Kucejova B, Duarte JA, Fletcher JA, Reynolds L, Sunny

NE, et al. Mitochondrial metabolism mediates oxidative stress and
inflammation in fatty liver. J Clin Invest. 2015;125(12):4447-62.
Zhang X, Fan L, Wu J, Xu H, Leung WY, Fu K, et al. Macrophage p38a
promotes nutritional steatohepatitis through M1 polarization. J
Hepatol. 2019;71(1):163-74.

Yue F, ShiY,Wu S, Xing L, He D, Wei L, et al. Metformin alleviates
hepatic iron overload and ferroptosis through AMPK-ferroportin
pathway in HFD-induced NAFLD. iScience. 2023;26(12):108560.
Duan J,Wang Z, Duan R, Yang C, Zhao R, Feng Q, et al. Therapeutic
targeting of hepatic ACSL4 ameliorates NASH in mice. Hepatology.
2022;75(1):140-53.

Loguercio C, De Girolamo V, de Sio |, Tuccillo C, Ascione A, Baldi F,

et al. Non-alcoholic fatty liver disease in an area of southern Italy:
main clinical, histological, and pathophysiological aspects. J Hepatol.
2001;35(5):568-74.

Hong J, Liu Y, Tan X, Feng G. Engineering of a NIR fluorescent probe
for high-fidelity tracking of lipid droplets in living cells and nonalco-
holic fatty liver tissues. Biosens Bioelectron. 2023;240:115646.

Wang W, Chai L, Chen X, Li Z, Feng L, Hu W, et al. Imaging changes in
the polarity of lipid droplets during NAFLD-Induced ferroptosis via

a red-emitting fluorescent probe with a large Stokes shift. Biosens
Bioelectron. 2023;231:115289.

Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass
NM, et al. Pioglitazone, vitamin E, or placebo for nonalcoholic steato-
hepatitis. N Engl J Med. 2010;362(18):1675-85.

Lu D, XiaQ,Yang Z, Gao S, Sun S, Luo X, et al. ENO3 promoted the
progression of NASH by negatively regulating ferroptosis via eleva-
tion of GPX4 expression and lipid accumulation. Ann Transl Med.
2021;9(8):661.

Hazarika A, Nongkhlaw B, Mukhopadhyay A. Evaluation of the expres-
sion of genes associated with iron metabolism in peripheral blood
mononuclear cells from Type 2 diabetes mellitus patients. Free Radic
Biol Med. 2024;210:344-51.

LiuJ, Li Q Yang Y, Ma L. Iron metabolism and type 2 diabetes mel-

litus: a meta-analysis and systematic review. J Diabetes Investig.
2020;11(4):946-55.


https://doi.org/10.1097/HEP.0000000000000390
https://doi.org/10.1097/HEP.0000000000000390
https://doi.org/10.1007/s10753-024-01970-2
https://doi.org/10.1038/s41589-023-01528-7

Chen et al. Journal of Hematology & Oncology

250.

251,

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

2609.

(2024) 17:41

Li XY, Leung PS. Erastin-induced ferroptosis is a regulator for the growth
and function of human pancreatic islet-like cell clusters. Cell Regen.
2020,9(1):16.

Zhang X, Jiang L, Chen H, Wei S, Yao K, Sun X, et al. Resveratrol
protected acrolein-induced ferroptosis and insulin secretion dysfunc-
tion via ER-stress-related PERK pathway in MING cells. Toxicology.
2022;465:153048.

Savic N, Markelic M, Stancic A, Velickovic K, Grigorov |, Vucetic M, et al.
Sulforaphane prevents diabetes-induced hepatic ferroptosis by activat-
ing Nrf2 signaling axis. Biofactors. 2024. https://doi.org/10.1002/biof.
2042.

LiH, Zhang H,Wang T, Zhang L, Wang H, Lu H, et al. Grape seed proan-
thocyanidins protect pancreatic beta cells against ferroptosis via the
Nrf2 pathway in type 2 diabetes. Biol Trace Elem Res. 2024. https://doi.
0rg/10.1007/512011-024-04093-9.

Zhang W, LiuY, Zhou J, Qiu T, Xie H, Pu Z. Chicoric acid advanced PAQR3
ubiquitination to ameliorate ferroptosis in diabetes nephropathy
through the relieving of the interaction between PAQR3 and P110alpha
pathway. Clin Exp Hypertens. 2024;46(1):2326021.

Wang M, LiuY, Gui H, Ma G, Li B, Zhang Z, et al. ED-71 ameliorates bone
regeneration in type 2 diabetes by reducing ferroptosis in osteoblasts
via the HIF1alpha pathway. Eur J Pharmacol. 2024;969:176303.

Zhang L, Wang X, Chang L, Ren Y, Sui M, Fu Y, et al. Quercetin improves
diabetic kidney disease by inhibiting ferroptosis and regulating the Nrf2
in streptozotocin-induced diabetic rats. Ren Fail. 2024,46(1):2327495.
Kim H, Xu H, George E, Hallberg D, Kumar S, Jagannathan'V, et al.
Combining PARP with ATR inhibition overcomes PARP inhibitor

and platinum resistance in ovarian cancer models. Nat Commun.
2020;11(1):3726.

Mai TT, Hamai A, Hienzsch A, Cafleque T, Muller S, Wicinski J, et al.
Salinomycin kills cancer stem cells by sequestering iron in lysosomes.
Nat Chem. 2017;9(10):1025-33.

Hangauer MJ, Viswanathan VS, Ryan MJ, Bole D, Eaton JK, Matov A, et al.
Drug-tolerant persister cancer cells are vulnerable to GPX4 inhibition.
Nature. 2017;551(7679):247-50.

Qu C, Dai E, Lai T, Cao G, Liu J, Kang R, et al. Itaconic acid induces fer-
roptosis by activating ferritinophagy. Biochem Biophys Res Commun.
2021,583:56-62.

Liu K, Huang J, Liu J, Klionsky DJ, Kang R, Tang D. Induction of
autophagy-dependent ferroptosis to eliminate drug-tolerant human
retinoblastoma cells. Cell Death Dis. 2022;13(6):521.

He R, Liu B, Xiong R, Geng B, Meng H, Lin W, et al. Itaconate inhibits
ferroptosis of macrophage via Nrf2 pathways against sepsis-induced
acute lung injury. Cell Death Discov. 2022;8(1):43.

Wang J, Zeng L, Wu N, Liang Y, Jin J, Fan M, et al. Inhibition of phospho-
glycerate dehydrogenase induces ferroptosis and overcomes enzaluta-
mide resistance in castration-resistant prostate cancer cells. Drug Resist
Updates. 2023;70:100985.

Levine EL, Davidson SE, Roberts SA, Chadwick CA, Potten CS, West CM.
Apoptosis as predictor of response to radiotherapy in cervical carci-
noma. Lancet. 1994,344(8920):472.

Garcia-Barros M, Paris F, Cordon-Cardo C, Lyden D, Rafii S, Haimovitz-
Friedman A, et al. Tumor response to radiotherapy regulated by
endothelial cell apoptosis. Science. 2003;300(5622):1155-9.

Lei G, Zhang Y, Koppula P, Liu X, Zhang J, Lin SH, et al. The role of ferrop-
tosis in ionizing radiation-induced cell death and tumor suppression.
Cell Res. 2020;30(2):146-62.

Lang X, Green MD, Wang W, Yu J, Choi JE, Jiang L, et al. Radio-

therapy and immunotherapy promote tumoral lipid oxidation and
ferroptosis via synergistic repression of SLC7A11. Cancer Discov.
2019,9(12):1673-85.

Shen D, Luo J, Chen L, Ma W, Mao X, Zhang Y, et al. PARPi treatment
enhances radiotherapy-induced ferroptosis and antitumor immune
responses via the cGAS signaling pathway in colorectal cancer. Cancer
Lett. 2022;550:215919.

Yang M, Wu X, Hu J, Wang Y, Wang Y, Zhang L, et al. COMMD10

inhibits HIF1a/CP loop to enhance ferroptosis and radiosensitivity

by disrupting Cu—Fe balance in hepatocellular carcinoma. J Hepatol.
2022,76(5):1138-50.

270.

271,

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284,

285.

286.

287.

288.

289.

290.

Page 37 of 41

Koppula P, Lei G, Zhang Y, Yan Y, Mao C, Kondiparthi L, et al. A targetable
CoQ-FSP1 axis drives ferroptosis- and radiation-resistance in KEAP1
inactive lung cancers. Nat Commun. 2022;13(1):2206.

Liu X, Cao Z, Wang W, Zou C, Wang Y, Pan L, et al. Engineered extracel-
lular vesicle-delivered CRISPR/Cas9 for radiotherapy sensitization of
glioblastoma. ACS Nano. 2023;17(17):16432-47.

Liang J, Bi G, Huang Y, Zhao G, Sui Q, Zhang H, et al. MAFF confers
vulnerability to cisplatin-based and ionizing radiation treatments by
modulating ferroptosis and cell cycle progression in lung adenocarci-
noma. Drug Resist Updates. 2024;73:101057.

Song A, Wu L, Zhang BX, Yang QC, Liu YT, Li H, et al. Glutamine inhibi-
tion combined with CD47 blockade enhances radiotherapy-induced
ferroptosis in head and neck squamous cell carcinoma. Cancer Lett.
2024;588:216727.

Liu'S, Zhang HL, Li J, Ye ZP, Du T, Li LC, et al. Tubastatin A potently inhib-
its GPX4 activity to potentiate cancer radiotherapy through boosting
ferroptosis. Redox Biol. 2023;62:102677.

Zhou H, Wang YX, Wu M, Lan X, Xiang D, Cai R, et al. FANCD2 deficiency
sensitizes SHH medulloblastoma to radiotherapy via ferroptosis. J
Pathol. 2024;262(4):427-40.

FengY, Luo X, Li Z, Fan X, Wang Y, He RR, et al. A ferroptosis-targeting
ceria anchored halloysite as orally drug delivery system for radiation
colitis therapy. Nat Commun. 2023;14(1):5083.

Liao P, Wang W, Wang W, Kryczek |, Li X, Bian Y, et al. CD8(+) T cells and
fatty acids orchestrate tumor ferroptosis and immunity via ACSL4.
Cancer Cell. 2022;40(4):365-78.

Yang F, Xiao Y, Ding JH, Jin X, Ma D, Li DQ, et al. Ferroptosis heterogene-
ity in triple-negative breast cancer reveals an innovative immunother-
apy combination strategy. Cell Metab. 2023;35(1):84-100.

Tao Q, Liu N,Wu J, Chen J, Chen X, Peng C. Mefloquine enhances

the efficacy of anti-PD-1 immunotherapy via IFN-gamma-STAT 1-
IRF1-LPCAT3-induced ferroptosis in tumors. J Immunother Cancer.
2024;12(3):008554.

Hao X, Zheng Z, Liu H, Zhang Y, Kang J, Kong X, et al. Inhibition of
APOC1 promotes the transformation of M2 into M1 macrophages via
the ferroptosis pathway and enhances anti-PD1 immunotherapy in
hepatocellular carcinoma based on single-cell RNA sequencing. Redox
Biol. 2022;56:102463.

Mei L, Long J,Wu S, Mei M, Mei D, Qiu H. APOCT reduced anti-PD-1
immunotherapy of nonsmall cell lung cancer via the transformation

of M2 into M1 macrophages by ferroptosis by NRF2/HO-1. Anticancer
Drugs. 2024;35(4):333-43.

Ma L, Chen C, Zhao C, LiT, Ma L, Jiang J, et al. Targeting carnitine
palmitoy! transferase 1A (CPT1A) induces ferroptosis and synergizes
with immunotherapy in lung cancer. Signal Transduct Target Ther.
2024,9(1):64.

Harada S, Hashimoto D, Saito Y, Miyajima T, Li W, Senjo H, et al. Ferropto-
sis inhibition generates TCF-1 + CAR-T cells with enhanced persistence
and cytotoxicity. Blood. 2023;142:97.

Efimova |, Catanzaro E, Van der Meeren L, Turubanova VD, Hammad

H, Mishchenko TA, et al. Vaccination with early ferroptotic cancer

cells induces efficient antitumor immunity. J Immunother Cancer.
2020;8(2):001369.

Cheng B, Lai Y, Huang H, Peng S, Tang C, Chen J, et al. MT1G, an emerg-
ing ferroptosis-related gene: a novel prognostic biomarker and indica-
tor of immunotherapy sensitivity in prostate cancer. Environ Toxicol.
2024;39(2):927-41.

Liu J, Li J, Kang R, Tang D. Cell type-specific induction of ferroptosis to
boost antitumor immunity. Oncoimmunology. 2023;12(1):2282252.
LiJ, Liu J, Zhou Z, Wu R, Chen X, Yu C, et al. Tumor-specific GPX4
degradation enhances ferroptosis-initiated antitumor immune
response in mouse models of pancreatic cancer. Sci Transl Med.
2023;15(720):eadg3049.

Tang D, Kroemer G, Kang R. Ferroptosis in immunostimulation and
immunosuppression. Immunol Rev. 2024;321(1):199-210.

Xiang H, You C, Liu W, Wang D, Chen Y, Dong C. Chemotherapy-
enabled/augmented cascade catalytic tumor-oxidative nanotherapy.
Biomaterials. 2021;277:121071.

Li Z,Wang C, Dai C, Hu R, Ding L, Feng W, et al. Engineering dual cata-
lytic nanomedicine for autophagy-augmented and ferroptosis-involved
cancer nanotherapy. Biomaterials. 2022,287:121668.


https://doi.org/10.1002/biof.2042
https://doi.org/10.1002/biof.2042
https://doi.org/10.1007/s12011-024-04093-9
https://doi.org/10.1007/s12011-024-04093-9

Chen et al. Journal of Hematology & Oncology

291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

300.

310.

(2024) 17:41

Guo R, Deng M, Li J, He X, He P, Liu H, et al. Depriving tumor cells

of ways to metastasize: ferroptosis nanotherapy blocks both
hematogenous metastasis and lymphatic metastasis. Nano Lett.
2023,23(8):3401-11.

LiK, Lin G, Li M, Xu K, He Y, Mao Y, et al. Multienzyme-like reactiv-

ity cooperatively impairs glutathione peroxidase 4 and ferroptosis
suppressor protein 1 pathways in triple-negative breast cancer for
sensitized ferroptosis therapy. ACS Nano. 2022;16(2):2381-98.

Zhao Z, Wu Y, Liang X, Liu J, Luo Y, Zhang Y, et al. Sonodynamic

therapy of NRP2 monoclonal antibody-guided MOFs@COF targeted
disruption of mitochondrial and endoplasmic reticulum homeosta-

sis to induce autophagy-dependent ferroptosis. Adv Sci (Weinh).
2023;10(30):e2303872.

Ma P, Xiao H, Yu C, Liu J, Cheng Z, Song H, et al. Enhanced cisplatin
chemotherapy by iron oxide nanocarrier-mediated generation of
highly toxic reactive oxygen species. Nano Lett. 2017;17(2):928-37.
Zanganeh S, Hutter G, Spitler R, Lenkov O, Mahmoudi M, Shaw A, et al.
Iron oxide nanoparticles inhibit tumour growth by inducing pro-inflam-
matory macrophage polarization in tumour tissues. Nat Nanotechnol.
2016;11(11):986-94.

Zhou LL, Guan Q, Li WY, Zhang Z, Li YA, Dong YB. A ferrocene-func-
tionalized covalent organic framework for enhancing chemodynamic
therapy via redox dyshomeostasis. Small. 2021;17(32):e2101368.

Kou L, Sun R, Jiang X, Lin X, Huang H, Bao S, et al. Tumor microenvi-
ronment-responsive, multistaged liposome induces apoptosis and
ferroptosis by amplifying oxidative stress for enhanced cancer therapy.
ACS Appl Mater Interfaces. 2020;12(27):30031-43.

Tang H, Li C, Zhang Y, Zheng H, Cheng Y, Zhu J, et al. Targeted man-
ganese doped silica nano GSH-cleaner for treatment of liver cancer

by destroying the intracellular redox homeostasis. Theranostics.
2020;10(21):9865-87.

Zhu J, Dai P Liu F, LiY,QinY,Yang Q, et al. Upconverting nanocarriers
enable triggered microtubule inhibition and concurrent ferroptosis
induction for selective treatment of triple-negative breast cancer. Nano
Lett. 2020;20(9):6235-45.

Song R, LiT, Ye J, Sun F, Hou B, Saeed M, et al. Acidity-activatable
dynamic nanoparticles boosting ferroptotic cell death for immuno-
therapy of cancer. Adv Mater. 2021,33(31):e2101155.

An P, Gao Z, Sun K, Gu D, Wu H, You C, et al. Photothermal-enhanced
inactivation of glutathione peroxidase for ferroptosis sensitized by an
autophagy promotor. ACS Appl Mater Interfaces. 2019;11(46):42988-97.
Yu M, Gai G, Li Z, Ding D, Zheng J, Zhang W, et al. Targeted exosome-
encapsulated erastin induced ferroptosis in triple negative breast
cancer cells. Cancer Sci. 2019;110(10):3173-82.

Zhang H, Hou L, Jiao X, JiY, Zhu X, Zhang Z. Transferrin-mediated fuller-
enes nanoparticles as Fe(2+)-dependent drug vehicles for synergistic
anti-tumor efficacy. Biomaterials. 2015;37:353-66.

Zeng L, Ding S, Cao, Li C, Zhao B, Ma Z, et al. A MOF-based potent
ferroptosis inducer for enhanced radiotherapy of triple negative breast
cancer. ACS Nano. 2023;17(14):13195-210.

XuY,Wang S, Xiong J, Zheng P, Zhang H, Chen S, et al. Fe(3) O(4)—
incorporated metal-organic framework for chemo/ferroptosis synergis-
tic anti-tumor via the enhanced chemodynamic therapy. Adv Healthc
Mater. 2024,e2303839.

Wei X, Li Y, Chen H, Gao R, Ning P Wang Y, et al. A lysosome-targeted
magnetic nanotorquer mechanically triggers ferroptosis for breast
cancer treatment. Adv Sci (Weinh). 2024;11(9):e2302093.

He Y, Shi F, Hu J, Li H, Chen X, Yuan L, et al. Magnetic graphene oxide
nanocomposites induce cytotoxicity in ADSCs via GPX4 regulating fer-
roptosis. Ecotoxicol Environ Saf. 2024,269:115745.

LiuY, PiF, He L, Yang F, Chen T. Oxygen vacancy-rich manganese
nanoflowers as ferroptosis inducers for tumor radiotherapy. Small.
2024,e2310118.

Yu X, Li X, Chen Q, Wang S, Xu R, He Y, et al. High intensity focused
ultrasound-driven nanomotor for effective ferroptosis-immunotherapy
of TNBC. Adv Sci (Weinh). 2024;62305546.

Zhao X, Wang X, Zhang W, Tian T, Zhang J, Wang J, et al. A ferroptosis-
inducing arsenene-iridium nanoplatform for synergistic immunother-
apy in pancreatic cancer. Angew Chem Int Ed Engl. 2024;202400829.

312.

313.

316.

318.

320.

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331,

332

Page 38 of 41

LiuY, Lu R, Li M, Cheng D, Wang F, Ouyang X, et al. Dual-enzyme deco-
rated semiconducting polymer nanoagents for second near-infrared
photoactivatable ferroptosis-immunotherapy. Mater Horiz. 2024.

Zeng K, LiW,Wang 'Y, Zhang Z, Zhang L, Zhang W, et al. Inhibition of
CDK1 overcomes oxaliplatin resistance by regulating ACSL4-mediated
ferroptosis in colorectal cancer. Adv Sci (Weinh). 2023;10(25):2301088.
Pardieu B, Pasanisi J, Ling F, Dal Bello R, Penneroux J, Su A, et al. Cystine
uptake inhibition potentiates front-line therapies in acute myeloid
leukemia. Leukemia. 2022;36(6):1585-95.

Jia N, Yin XX, Li Q Guan QW, Yang N, Chen KN, et al. Neuroprotective
effects of the anti-cancer drug lapatinib against epileptic seizures via
suppressing glutathione peroxidase 4-dependent ferroptosis. Front
Pharmacol. 2020;11:601572.

Cao J, Chen X, Jiang L, Lu B, Yuan M, Zhu D, et al. DJ-1 suppresses fer-
roptosis through preserving the activity of S-adenosyl homocysteine
hydrolase. Nat Commun. 2020;11(1):1251.

Zhu J, Berisa M, Schworer S, Qin W, Cross JR, Thompson CB. Transsul-
furation activity can support cell growth upon extracellular cysteine
limitation. Cell Metab. 2019;30(5):865-76.

Wang L, Cai H, Hu Y, Liu F, Huang S, Zhou Y, et al. A pharmacological
probe identifies cystathionine B-synthase as a new negative regula-
tor for ferroptosis. Cell Death Dis. 2018;9(10):1005.

Chang K, Chen'Y, Zhang X, Zhang W, Xu N, Zeng B, et al. DPP9 stabi-
lizes NRF2 to suppress ferroptosis and induce sorafenib resistance in
clear cell renal cell carcinoma. Cancer Res. 2023;83(23):3940-55.
Wang K, Zhang Z, Tsai HI, Liu Y, Gao J, Wang M, et al. Branched-chain
amino acid aminotransferase 2 regulates ferroptotic cell death in
cancer cells. Cell Death Differ. 2021;28(4):1222-36.

Sun X, Niu X, Chen R, He W, Chen D, Kang R, et al. Metallothionein-
1G facilitates sorafenib resistance through inhibition of ferroptosis.
Hepatology. 2016;64(2):488-500.

Houessinon A, Francois C, Sauzay C, Louandre C, Mongelard G, Godin
C, et al. Metallothionein-1 as a biomarker of altered redox metabo-
lism in hepatocellular carcinoma cells exposed to sorafenib. Mol
Cancer. 2016;15(1):38.

Bruedigam C, Porter AH, Song A, Vroeg In de Wei G, Stoll T, Straube

J, et al. Imetelstat-mediated alterations in fatty acid metabolism to
induce ferroptosis as a therapeutic strategy for acute myeloid leuke-
mia. Nat Cancer. 2024;5(1):47-65.

Barwe SP, Huang F, Kolb EA, Gopalakrishnapillai A. Imetelstat Induces
Leukemia Stem Cell Death in Pediatric Acute Myeloid Leukemia
Patient-Derived Xenografts. J Clin Med. 2022;11(7).

Yang WS, Stockwell BR. Synthetic lethal screening identifies com-
pounds activating iron-dependent, nonapoptotic cell death in
oncogenic-RAS-harboring cancer cells. Chem Biol. 2008;15(3):234-45.
Verma N, Vinik Y, Saroha A, Nair NU, Ruppin E, Mills G, et al. Synthetic
lethal combination targeting BET uncovered intrinsic susceptibility of
TNBC to ferroptosis. Sci Adv. 2020;6(34).

Hong T, Lei G, Chen X, Li H, Zhang X, Wu N, et al. PARP inhibition
promotes ferroptosis via repressing SLC7A11 and synergizes with
ferroptosis inducers in BRCA-proficient ovarian cancer. Redox Biol.
2021;42:101928.

Lei G, Mao C, Horbath AD, Yan Y, Cai S, Yao J, et al. BRCA1-mediated
dual regulation of ferroptosis exposes a vulnerability to GPX4 and
PARP co-inhibition in BRCA1-deficient cancers. Cancer Discov. 2024.
Zhu X, Fu Z, Dutchak K, Arabzadeh A, Milette S, Steinberger J, et al.
Co-targeting CDK4/6 and BRD4 promotes senescence and ferroptosis
sensitivity in cancer. Cancer Res. 2024.

Fan F, Liu P, Bao R, Chen J, Zhou M, Mo Z, et al. A dual PI3K/HDAC inhibi-
tor induces immunogenic ferroptosis to potentiate cancer immune
checkpoint therapy. Cancer Res. 2021;81(24):6233-45.

Sabatier M, Birsen R, Lauture L, Mouche S, Angelino P, Dehairs J, et al.
C/EBPalpha confers dependence to fatty acid anabolic pathways and
vulnerability to lipid oxidative stress-induced ferroptosis in FLT3-mutant
leukemia. Cancer Discov. 2023;13(7):1720-47.

Jiang L, Kon N, LiT, Wang SJ, Su T, Hibshoosh H, et al. Ferroptosis

as a p53-mediated activity during tumour suppression. Nature.
2015;520(7545):57-62.

Leu JI, Murphy ME, George DL. Mechanistic basis for impaired ferropto-
sis in cells expressing the African-centric S47 variant of p53. Proc Natl
Acad Sci U S A.2019;116(17):8390-6.



Chen et al. Journal of Hematology & Oncology

333.

334

335.

336.

337.

338.
339.

340.

341,
342.

343.

344,

345.

346.

347.

348.

349.

350.

351,

352.

353.

354.

355.

356.

357.

(2024) 17:41

Su Z,Kon N, YiJ, Zhao H, Zhang W, Tang Q, et al. Specific regulation of
BACH1 by the hotspot mutant p53(R175H) reveals a distinct gain-of-
function mechanism. Nat Cancer. 2023;4(4):564-81.

Zheng H, Liu J, Cheng Q, Zhang Q, Zhang Y, Jiang L, et al. Targeted acti-
vation of ferroptosis in colorectal cancer via LGR4 targeting overcomes
acquired drug resistance. Nat Cancer. 2024;5(4):572-89.

Yang WH, Ding CC, Sun T, Rupprecht G, Lin CC, Hsu D, et al. The hippo
pathway effector TAZ regulates ferroptosis in renal cell carcinoma. Cell
Rep. 2019;28(10):2501-8.

Wu J, Minikes AM, Gao M, Bian H, Li Y, Stockwell BR, et al. Intercellular
interaction dictates cancer cell ferroptosis via NF2-YAP signalling.
Nature. 2019;572(7769):402-6.

Sun R, Yan B, Li H, Ding D, Wang L, Pang J, et al. Androgen receptor vari-
ants confer castration resistance in prostate cancer by counteracting
antiandrogen-induced ferroptosis. Cancer Res. 2023;83(19):3192-204.
Liu L, Yang M, Kang R, Wang Z, Zhao Y, Yu Y, et al. DAMP-mediated
autophagy contributes to drug resistance. Autophagy. 2011;7(1):112-4.
Kroemer G, Galassi C, Zitvogel L, Galluzzi L. Immunogenic cell stress and
death. Nat Immunol. 2022;23(4):487-500.

Tang D, Kang R, Coyne CB, Zeh HJ, Lotze MT. PAMPs and DAMPs:

signal Os that spur autophagy and immunity. Immunol Rev.
2012;249(1):158-75.

Li G, Tang D, Lotze MT. Menage a Trois in stress: DAMPs, redox and
autophagy. Semin Cancer Biol. 2013;23(5):380-90.

Wen Q, Liu J, Kang R, Zhou B, Tang D. The release and activity of HMGB1
in ferroptosis. Biochem Biophys Res Commun. 2019;510(2):278-83.
LiuJ, Zhu S, Zeng L, Li J, Klionsky DJ, Kroemer G, et al. DCN released
from ferroptotic cells ignites AGER-dependent immune responses.
Autophagy. 2022;18(9):2036-49.

Zhao YY, Lian JX, Lan Z, Zou KL, Wang WM, Yu GT. Ferroptosis promotes
anti-tumor immune response by inducing immunogenic exposure in
HNSCC. Oral Dis. 2023;29(3):933-41.

Tang D, Kepp O, Kroemer G. Ferroptosis becomes immuno-

genic: implications for anticancer treatments. Oncoimmunology.
2020;10(1):1862949.

Wiernicki B, Maschalidi S, Pinney J, Adjemian S, Vanden Berghe T, Ravi-
chandran KS, et al. Cancer cells dying from ferroptosis impede dendritic
cell-mediated anti-tumor immunity. Nat Commun. 2022;13(1):3676.
Tang D, Kang R, Zeh HJ, Lotze MT. The multifunctional protein HMGB1:
50 years of discovery. Nat Rev Immunol. 2023;23(12):824-41.

O'Brien AJ, Fullerton JN, Massey KA, Auld G, Sewell G, James S, et al.
Immunosuppression in acutely decompensated cirrhosis is mediated
by prostaglandin E2. Nat Med. 2014;20(5):518-23.

Finetti F, Travelli C, Ercoli J, Colombo G, Buoso E, Trabalzini L. Prosta-
glandin E2 and cancer: insight into tumor progression and immunity.
Biology (Basel). 2020,9(12).

Kim R, Hashimoto A, Markosyan N, Tyurin VA, Tyurina YY, Kar G, et al. Fer-
roptosis of tumour neutrophils causes immune suppression in cancer.
Nature. 2022;612(7939):338-46.

Xu S, Chaudhary O, Rodriguez-Morales P, Sun X, Chen D, Zappasodi R,
et al. Uptake of oxidized lipids by the scavenger receptor CD36 pro-
motes lipid peroxidation and dysfunction in CD8(+) T cells in tumors.
Immunity. 2021;54(7):1561-77.

Guo J, Xu B,Han Q, Zhou H, Xia Y, Gong C, et al. Ferroptosis: a novel anti-
tumor action for cisplatin. Cancer Res Treat. 2018;50(2):445-60.

Chen GQ, Benthani FA, Wu J, Liang D, Bian ZX, Jiang X. Artemisinin
compounds sensitize cancer cells to ferroptosis by regulating iron
homeostasis. Cell Death Differ. 2020;27(1):242-54.

Yamaguchi H, Hsu JL, Chen CT, Wang YN, Hsu MC, Chang SS, et al.
Caspase-independent cell death is involved in the negative effect of
EGF receptor inhibitors on cisplatin in non-small cell lung cancer cells.
Clin Cancer Res. 2013;19(4):845-54.

Li C, Zhang Y, Liu J, Kang R, Klionsky DJ, Tang D. Mitochondrial DNA
stress triggers autophagy-dependent ferroptotic death. Autophagy.
2021;17(4):948-60.

Ma S, Henson ES, Chen'Y, Gibson SB. Ferroptosis is induced following
siramesine and lapatinib treatment of breast cancer cells. Cell Death
Dis. 2016;7(7):e2307.

ShiL, Chen H, Chen K, Zhong C, Song C, Huang Y, et al. The DRD2
antagonist haloperidol mediates autophagy-induced ferroptosis to

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

3609.

370.

371.

372.

373.

374.

375.

376.

377.

378.

379.

Page 39 of 41

increase temozolomide sensitivity by promoting endoplasmic reticu-
lum stress in glioblastoma. Clin Cancer Res. 2023;29(16):3172-88.

LvC, QuH, ZhuW, Xu K, Xu A, Jia B, et al. Low-dose paclitaxel inhibits
tumor cell growth by regulating glutaminolysis in colorectal carcinoma
cells. Front Pharmacol. 2017;8:244.

Woo JH, Shimoni Y, Yang WS, Subramaniam P, lyer A, Nicoletti P, et al.
Elucidating compound mechanism of action by network perturbation
analysis. Cell. 2015;162(2):441-51.

Alborzinia H, Ignashkova Tl, Dejure FR, Gendarme M, Theobald J, WoIfl S,
et al. Golgi stress mediates redox imbalance and ferroptosis in human
cells. Commun Biol. 2018;1:210.

Gaschler MM, Andia AA, Liu H, Csuka JM, Hurlocker B, Vaiana CA, et al.
FINO(2) initiates ferroptosis through GPX4 inactivation and iron oxida-
tion. Nat Chem Biol. 2018;14(5):507-15.

Eaton JK, Furst L, Ruberto RA, Moosmayer D, Hilpmann A, Ryan MJ,

et al. Selective covalent targeting of GPX4 using masked nitrile-oxide
electrophiles. Nat Chem Biol. 2020;16(5):497-506.

Eaton JK, Ruberto RA, Kramm A, Viswanathan VS, Schreiber SL. Diacyl-
furoxans are masked nitrile oxides that inhibit GPX4 covalently. J Am
Chem Soc. 2019;141(51):20407-15.

LuoT, Zheng Q, Shao L, Ma T, Mao L, Wang M. Intracellular delivery of
glutathione peroxidase degrader induces ferroptosis in vivo. Angew
Chem Int Ed Engl. 2022;61(39):202206277.

Wang H, Wang C, Li B, Zheng C, Liu G, Liu Z, et al. Discovery of ML210-
based glutathione peroxidase 4 (GPX4) degrader inducing ferroptosis
of human cancer cells. Eur J Med Chem. 2023;254:115343.

Wang C, Zheng C, Wang H, Shui S, Jin H, Liu G, et al. Dual degradation
mechanism of GPX4 degrader in induction of ferroptosis exerting anti-
resistant tumor effect. Eur J Med Chem. 2023;247:115072.

Chen X, Song X, Li J, Zhang R, Yu C, Zhou Z, et al. Identification of
HPCALT as a specific autophagy receptor involved in ferroptosis.
Autophagy. 2023;19(1):54-74.

Hendricks JM, Doubravsky CE, Wehri E, Li Z, Roberts MA, Deol KK, et al.
Identification of structurally diverse FSP1 inhibitors that sensitize cancer
cells to ferroptosis. Cell Chem Biol. 2023;30(9):1090-103.

Yang J, Zhou Y, Xie S, Wang J, Li Z, Chen L, et al. Metformin induces
ferroptosis by inhibiting UFMylation of SLC7A11 in breast cancer. J Exp
Clin Cancer Res. 2021;40(1):206.

Schmitt A, Xu W, Bucher P, Grimm M, Konantz M, Horn H, et al. Dimethy!
fumarate induces ferroptosis and impairs NF-kB/STAT3 signaling in
DLBCL. Blood. 2021;138(10):871-84.

Basit F, van Oppen LM, Schockel L, Bossenbroek HM, van Emst-de

VSE, Hermeling JC, et al. Mitochondrial complex | inhibition triggers a
mitophagy-dependent ROS increase leading to necroptosis and fer-
roptosis in melanoma cells. Cell Death Dis. 2017,8(3):e2716.

LiJ, Lama R, Galster SL, Inigo JR, Wu J, Chandra D, et al. Small-molecule
MMRi62 induces ferroptosis and inhibits metastasis in pancreatic can-
cer via degradation of ferritin heavy chain and mutant p53. Mol Cancer
Ther. 2022;21(4):535-45.

Zheng C,Wang C, Sun D, Wang H, Li B, Liu G, et al. Structure-activity
relationship study of RSL3-based GPX4 degraders and its potential
noncovalent optimization. Eur J Med Chem. 2023;255:115393.
LiY,Feng D, Wang Z, Zhao Y, Sun R, Tian D, et al. Ischemia-induced
ACSL4 activation contributes to ferroptosis-mediated tissue injury in
intestinal ischemia/reperfusion. Cell Death Differ. 2019;26(11):2284-99.
JiQ FuS, Zuo H,Huang Y, Chu L, Zhu'Y, et al. ACSL4 is essential for
radiation-induced intestinal injury by initiating ferroptosis. Cell Death
Discov. 2022;8(1):332.

Zhu ZY, Liu YD, Gong Y, Jin W, Topchiy E, Turdi S, et al. Mitochondrial
aldehyde dehydrogenase (ALDH2) rescues cardiac contractile dysfunc-
tion in an APP/PS1 murine model of Alzheimer’s disease via inhibition
of ACSL4-dependent ferroptosis. Acta Pharmacol Sin. 2022;43(1):39-49.
XieY, Song X, Sun X, Huang J, Zhong M, Lotze MT, et al. Identification of
baicalein as a ferroptosis inhibitor by natural product library screening.
Biochem Biophys Res Commun. 2016;473(4):775-80.

Yigitkanli K, Pekcec A, Karatas H, Pallast S, Mandeville E, Joshi N, et al.
Inhibition of 12/15-lipoxygenase as therapeutic strategy to treat stroke.
Ann Neurol. 2013;73(1):129-35.

Van Do B, Gouel F, Jonneaux A, Timmerman K, Gelé P, Pétrault M, et al.
Ferroptosis, a newly characterized form of cell death in Parkinson'’s
disease that is regulated by PKC. Neurobiol Dis. 2016;94:169-78.



Chen et al. Journal of Hematology & Oncology

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391,

392.

393.

394.

395.

396.

397.

398.

399.

400.

401.

402.

(2024) 17:41

Yuan H, Li X, Zhang X, Kang R, Tang D. CISD1 inhibits ferroptosis by
protection against mitochondrial lipid peroxidation. Biochem Biophys
Res Commun. 2016;478(2).838-44.

Gao H, BaiY, JiaY, Zhao Y, Kang R, Tang D, et al. Ferroptosis is a lysosomal
cell death process. Biochem Biophys Res Commun. 2018;503(3):1550-6.
Park E, Chung SW. ROS-mediated autophagy increases intracellular iron
levels and ferroptosis by ferritin and transferrin receptor regulation. Cell
Death Dis. 2019;10(11):822.

Torii S, Shintoku R, Kubota C, Yaegashi M, Torii R, Sasaki M, et al. An
essential role for functional lysosomes in ferroptosis of cancer cells.
Biochem J. 2016;473(6):769-77.

Gao M, Monian P, Pan Q, Zhang W, Xiang J, Jiang X. Ferroptosis is an
autophagic cell death process. Cell Res. 2016;26(9):1021-32.

Wu Z, Geng Y, Lu X, ShiY, Wu G, Zhang M, et al. Chaperone-mediated
autophagy is involved in the execution of ferroptosis. Proc Natl Acad Sci
US A 2019;116(8):2996-3005.

Krainz T, Gaschler MM, Lim C, Sacher JR, Stockwell BR, Wipf P. A
mitochondrial-targeted nitroxide is a potent inhibitor of ferroptosis.
ACS Cent Sci. 2016;2(9):653-9.

Jelinek A, Heyder L, Daude M, Plessner M, Krippner S, Grosse R, et al.
Mitochondrial rescue prevents glutathione peroxidase-dependent fer-
roptosis. Free Radic Biol Med. 2018;117:45-57.

Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS, Fridman
DJ, et al. RAS-RAF-MEK-dependent oxidative cell death involving
voltage-dependent anion channels. Nature. 2007;447(7146):864-8.
Bhardwaj M, Lee JJ, Versace AM, Harper SL, Goldman AR, Crissey MAS,
et al. Lysosomal lipid peroxidation regulates tumor immunity. J Clin
Investig. 2023;133(8).e 164596.

XuY, LiY, Li J, Chen W. Ethyl carbamate triggers ferroptosis in liver
through inhibiting GSH synthesis and suppressing Nrf2 activation.
Redox Biol. 2022;53:102349.

Dolma S, Lessnick SL, Hahn WC, Stockwell BR. Identification of geno-
type-selective antitumor agents using synthetic lethal chemical screen-
ing in engineered human tumor cells. Cancer Cell. 2003;3(3):285-96.
Zhang Y, Tan H, Daniels JD, Zandkarimi F, Liu H, Brown LM, et al. Imida-
zole ketone erastin induces ferroptosis and slows tumor growth in a
mouse lymphoma model. Cell Chem Biol. 2019;26(5):623-33.
Louandre C, Ezzoukhry Z, Godin C, Barbare JC, Maziére JC, Chauffert

B, et al. Iron-dependent cell death of hepatocellular carcinoma cells
exposed to sorafenib. Int J Cancer. 2013;133(7):1732-42.

Zheng J, Sato M, Mishima E, Sato H, Proneth B, Conrad M. Sorafenib fails
to trigger ferroptosis across a wide range of cancer cell lines. Cell Death
Dis. 2021;12(7):698.

Wiernicki B, Dubois H, Tyurina YY, Hassannia B, Bayir H, Kagan VE,

et al. Excessive phospholipid peroxidation distinguishes ferroptosis
from other cell death modes including pyroptosis. Cell Death Dis.
2020;11(10):922.

Nguyen KA, Conilh L, Falson P, Dumontet C, Boumendjel A. The

first ADC bearing the ferroptosis inducer RSL3 as a payload with
conservation of the fragile electrophilic warhead. Eur J Med Chem.
2022;244:114863.

Karaj E, Sindi SH, Kuganesan N, Perera L, Taylor W, Tillekeratne LMV. Tun-
able cysteine-targeting electrophilic heteroaromatic warheads induce
ferroptosis. J Med Chem. 2022;65(17):11788-817.

Yao X, Xie R, Cao Y, Tang J, Men Y, Peng H, et al. Simvastatin induced
ferroptosis for triple-negative breast cancer therapy. J Nanobiotechnol.
2021;19(1):311.

Li X, Lozovatsky L, Sukumaran A, Gonzalez L, Jain A, Liu D, et al. NCOA4
is regulated by HIF and mediates mobilization of murine hepatic iron
stores after blood loss. Blood. 2020;136(23):2691-702.

Knutson MD, Oukka M, Koss LM, Aydemir F, Wessling-Resnick M. Iron
release from macrophages after erythrophagocytosis is up-regulated
by ferroportin 1 overexpression and down-regulated by hepcidin. Proc
Natl Acad Sci U S A. 2005;102(5):1324-8.

Li Q Han X, Lan X, Gao Y, Wan J, Durham F, et al. Inhibition of neuronal
ferroptosis protects hemorrhagic brain. JCl Insight. 2017;2(7):€90777.
Masaldan S, Clatworthy SAS, Gamell C, Meggyesy PM, Rigopoulos

AT, Haupt S, et al. Iron accumulation in senescent cells is coupled

with impaired ferritinophagy and inhibition of ferroptosis. Redox Biol.
2018;14:100-15.

403.

404.

405.

406.

407.

408.

409.

412.

413.

414.

415.

416.

418.

420.

421.

422.

423.

424,

425.

Page 40 of 41

Feng Y, Madungwe NB, Imam Aliagan AD, Tombo N, Bopassa JC. Liprox-
statin-1 protects the mouse myocardium against ischemia/reperfusion
injury by decreasing VDACT levels and restoring GPX4 levels. Biochem
Biophys Res Commun. 2019;520(3):606-11.

Chidley C, Darnell AM, Gaudio BL, Lien EC, Barbeau AM, Vander
Heiden MG, et al. A CRISPRi/a screening platform to study cellu-

lar nutrient transport in diverse microenvironments. Nat Cell Biol.
2024,;26(5):825-38.

Wei S, QiuT, Yao X, Wang N, Jiang L, Jia X, et al. Arsenic induces pan-
creatic dysfunction and ferroptosis via mitochondrial ROS-autophagy-
lysosomal pathway. J Hazard Mater. 2020;384:121390.

Kan CF, Singh AB, Stafforini DM, Azhar S, Liu J. Arachidonic acid down-
regulates acyl-CoA synthetase 4 expression by promoting its ubiquit-
ination and proteasomal degradation. J Lipid Res. 2014;55(8):1657-67.
Qiu B, Zandkarimi F, Bezjian CT, Reznik E, Soni RK, Gu W, et al. Phospho-
lipids with two polyunsaturated fatty acyl tails promote ferroptosis. Cell.
2024;187(5):1177-90.e18.

Ingold I, Berndt C, Schmitt S, Doll S, Poschmann G, Buday K, et al. Sele-
nium utilization by GPX4 is required to prevent hydroperoxide-induced
ferroptosis. Cell. 2018;172(3):409-22.

Liu L, Pang J, Qin D, Li R, Zou D, Chi K, et al. Deubiquitinase OTUDS5 as
a novel protector against 4-HNE-triggered ferroptosis in myocardial
ischemia/reperfusion injury. Adv Sci (Weinh). 2023;10(28):e2301852.
Chen X, Comish PB, Tang D, Kang R. Characteristics and biomarkers of
ferroptosis. Front Cell Dev Biol. 2021,9:637162.

Feng H, Schorpp K, Jin J, Yozwiak CE, Hoffstrom BG, Decker AM,

et al. Transferrin receptor is a specific ferroptosis marker. Cell Rep.
2020;30(10):3411-23.

WenW, Xu'Y, Qian W, Huang L, Gong J, LiY, et al. PUFAs add fuel

to Crohn’s disease-associated AIEC-induced enteritis by exac-
erbating intestinal epithelial lipid peroxidation. Gut Microbes.
2023;15(2):2265578.

Park MW, Cha HW, Kim J, Kim JH, Yang H, Yoon S, et al. NOX4 promotes
ferroptosis of astrocytes by oxidative stress-induced lipid peroxida-
tion via the impairment of mitochondrial metabolism in Alzheimer's
diseases. Redox Biol. 2021;41:101947.

Wang Y, LiuY, Liu J, Kang R, Tang D. NEDD4L-mediated LTF protein
degradation limits ferroptosis. Biochem Biophys Res Commun.
2020;531(4):581-7.

Zhang Z, Lu M, Chen C, Tong X, Li Y, Yang K, et al. Holo-lactoferrin: the
link between ferroptosis and radiotherapy in triple-negative breast
cancer. Theranostics. 2021;11(7):3167-82.

Feng Z QinY, Huo F, Jian Z, Li X, Geng J, et al. NMN recruits GSH to
enhance GPX4-mediated ferroptosis defense in UV irradiation induced
skin injury. Biochim Biophys Acta Mol Basis Dis. 2022;1868(1):166287.
Kinowaki Y, Kurata M, Ishibashi S, lkeda M, Tatsuzawa A, Yamamoto M,
et al. Glutathione peroxidase 4 overexpression inhibits ROS-induced cell
death in diffuse large B-cell ymphoma. Lab Invest. 2018;98(5):609-19.
Cui'S, Ghai A, Deng Y, Li S, Zhang R, Egbulefu C, et al. Identification of
hyperoxidized PRDX3 as a ferroptosis marker reveals ferroptotic dam-
age in chronic liver diseases. Mol Cell. 2023;83(21):3931-9.

Wang S, Yu H, Li L, Zhang M, Fu Y, Lin Z, et al. Fluorescent turn-on
probes for visualizing GPx4 levels in live cells and predicting drug
sensitivity. Anal Chem. 2023;95(23):8939-47.

Emmert S, Quargnali G, Thallmair S, Rivera-Fuentes P. A locally activat-
able sensor for robust quantification of organellar glutathione. Nat
Chem. 2023;15(10):1415-21.

Wang H, Shu L, Lv C, Liu N, Long Y, Peng X, et al. BRCC36 deubig-
uitinates hmgcr to regulate the interplay between ferroptosis and
pyroptosis. Adv Sci (Weinh). 2024;2304263.

Livesey KM, Kang R, Vernon P, Buchser W, Loughran P, Watkins SC, et al.
p53/HMGB1 complexes regulate autophagy and apoptosis. Cancer Res.
2012;72(8):1996-2005.

Ye Z, Zhuo Q, Hu Q, Xu X, Mengqi L, Zhang Z, et al. FBW7-NRA41-SCD1
axis synchronously regulates apoptosis and ferroptosis in pancreatic
cancer cells. Redox Biol. 2021,38:101807.

Wang C, Chao'Y, Xu W, Liu Z, Wang H, Huang K. Myeloid FBW?7 defi-
ciency disrupts redox homeostasis and aggravates dietary-induced
insulin resistance. Redox Biol. 2020;37:101688.

Setiawan SA, Liu WZ, Weng PW, Lee CH, Yadav VK, Hardianti MS,

et al. Synergistic disruption of BTK and BCL-2 causes apoptosis while



Chen et al. Journal of Hematology & Oncology (2024) 17:41

426.

427.

428.

429.

430.

431.

432.

433.

434.

435.

436.

437.

438.

439.

inducing ferroptosis in double-hit lymphoma. Eur J Pharmacol.
2023,943:175526.

Neitemeier S, Jelinek A, Laino V, Hoffmann L, Eisenbach |, Eying R, et al.
BID links ferroptosis to mitochondrial cell death pathways. Redox Biol.
2017;12:558-70.

Tonnus W, Meyer C, Steinebach C, Belavgeni A, von Massenhausen

A, Gonzalez NZ, et al. Dysfunction of the key ferroptosis-surveilling
systems hypersensitizes mice to tubular necrosis during acute kidney
injury. Nat Commun. 2021;12(1):4402.

Belavgeni A, Meyer C, Stumpf J, Hugo C, Linkermann A. Ferroptosis and
necroptosis in the kidney. Cell Chem Biol. 2020;27(4):448-62.

Chen F, Cai X, Kang R, Liu J, Tang D. Autophagy-dependent ferroptosis
in cancer. Antioxid Redox Signal. 2023; 39(1-3):79-101.

Liu J, LiuY, Wang Y, Li C, Xie Y, Klionsky DJ, et al. TMEM164 is a new
determinant of autophagy-dependent ferroptosis. Autophagy.
2023;19(3):945-56.

Yang L, Ye F, Liu J, Klionsky DJ, Tang D, Kang R. Extracellular SQSTM1
exacerbates acute pancreatitis by activating autophagy-dependent
ferroptosis. Autophagy. 2023;19(6):1733-44.

LiJ, Liu J, XuY, Wu R, Chen X, Song X, et al. Tumor heterogeneity in
autophagy-dependent ferroptosis. Autophagy. 2021;17(11):3361-74.
Liu J, Yang M, Kang R, Klionsky DJ, Tang D. Autophagic degradation

of the circadian clock regulator promotes ferroptosis. Autophagy.
2019;15(11):2033-5.

Kang R, Zhu S, Zeh HJ, Klionsky DJ, Tang D. BECNT1 is a new driver of
ferroptosis. Autophagy. 2018;14(12):2173-5.

Hu N, Bai L, Dai E, Han L, Kang R, Li H, et al. Pirin is a nuclear redox-sensi-
tive modulator of autophagy-dependent ferroptosis. Biochem Biophys
Res Commun. 2021;536:100-6.

Yang M, Chen P, Liu J, Zhu S, Kroemer G, Klionsky DJ, et al. Clockophagy
is a novel selective autophagy process favoring ferroptosis. Sci Adv.
2019;5(7):.eaaw2238.

ChenF, Zhu S, Kang R, Tang D, Liu J. ATP6VOD1 promotes alkaliptosis
by blocking STAT3-mediated lysosomal pH homeostasis. Cell Rep.
2023;42(1):111911.

Liu L, Liu B, Guan G, Kang R, Dai Y, Tang D. Cyclophosphamide-induced
GPX4 degradation triggers parthanatos by activating AIFM1. Biochem
Biophys Res Commun. 2022,606:68-74.

Tsvetkov P, Coy S, Petrova B, Dreishpoon M, Verma A, Abdusamad M,
et al. Copper induces cell death by targeting lipoylated TCA cycle
proteins. Science. 2022;375(6586):1254-61.

440. Xue Q,Yan D, Chen X, Li X, Kang R, Klionsky DJ, et al. Copper-dependent
autophagic degradation of GPX4 drives ferroptosis. Autophagy.
2023;19(7):1982-96.

441. Xue Q Kang R, Klionsky DJ, Tang D, Liu J, Chen X. Copper metabolism in
cell death and autophagy. Autophagy. 2023;19(8):2175-95.

442. Wang W, Lu K, Jiang X, Wei Q, Zhu L, Wang X, et al. Ferroptosis inducers
enhanced cuproptosis induced by copper ionophores in primary liver
cancer. J Exp Clin Cancer Res. 2023;42(1):142.

443, Kim J, Byun |, Kim DY, Joh H, Kim HJ, Lee MJ. Targeted protein degrada-
tion directly engaging lysosomes or proteasomes. Chem Soc Rev.
2024,53(7):3253-72.

444. Upadhyayula PS, Higgins DM, Mela A, Banu M, Dovas A, Zandkarimi F,
et al. Dietary restriction of cysteine and methionine sensitizes gliomas
to ferroptosis and induces alterations in energetic metabolism. Nat
Commun. 2023;14(1):1187.

445. Morgan PK, Pernes G, Huynh K, Giles C, Paul S, Smith AAT, et al. A lipid
atlas of human and mouse immune cells provides insights into ferrop-
tosis susceptibility. Nat Cell Biol. 2024;26(4):645-59.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 41 of 41



	Ferroptosis: principles and significance in health and disease
	Abstract 
	Introduction
	The core mechanism of ferroptosis
	Lipid peroxidation
	Mitochondria ROS
	Fenton reaction
	NADPH oxidase (NOX)
	Enzymatic reactions
	Lipids
	Cholesterol

	Iron accumulation
	Intracellular iron homeostasis regulation
	Labile iron pool

	Membrane rupture

	Antioxidant systems in ferroptosis
	GPX4-dependent pathway
	GPX4-independent pathway

	Regulation of ferroptosis
	Membrane contact sites
	Hypoxia-dependent pH changes
	Intestinal flora
	Macropinocytosis

	The pathological significance of ferroptosis
	Cancer
	Neurodegeneration
	Sepsis
	Ischemia–reperfusion injury
	Autoimmune disease
	Metabolic disorder

	Ferroptosis in cancer therapy
	Chemotherapy
	Radiotherapy
	Immunotherapy
	Nanotherapy
	Targeted therapy

	Ferroptosis and ICD
	Supportive views
	Non-supportive views

	Pharmacological modulation of ferroptosis
	Inducers
	Inhibitors

	Biomarkers of ferroptosis
	Crosstalk between ferroptosis and other RCD pathways
	Conclusions and outlooks
	References


